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I. I NTRODU CT I ON 

. 

The o i l  c r i s i s  of 1973-74 sparked a movement. among many oil-dependent 
n a t i o n s  of t he  world t o  look a t  a l t e r n a t i v e  forms of energy t o  s a t i s f y  
t h e i r  energy needs. P a r t i c u l a r l y  v u l n e r a b l e  were i s o l a t e d  i s l a n d  
communities t h a t  r e l i e d  heav i ly  on imported o i l  f o r  t h e i r  energy needs. A s  
o i l  grew p r o g r e s s i v e l y  c o s t l y ,  i s l a n d  governments exe r t ed  g r e a t e r  e f f o r t  t o  
conserve and t o  look f o r  o t h e r  a f f o r d a b l e  sou rces  of energy. 

Among a l t e r n a t i v e  sources  cons idered  s u i t a b l e  were d i r e c t  s o l a r  
r a d i a t i o n ,  wind, biomass, and ocean thermal energy. A l l  a r e  renewable and 
presumably nonpo l lu t ing  compared w i t h  o i l ,  c o a l ,  and nuc lea r  energy. 

Among them, the  ocean o f f e r s  a tremendous p o t e n t i a l  as an energy 
source.  Ocean thermal energy convers ion  (OTEC), a technique f o r  tapping  
incoming s o l a r  energy s t o r e d  i n  t h e  s u r f a c e  l a y e r s  of t r o p i c a l  and 
s u b t r o p i c a l  oceans,  i s  a promising technology t h a t  is  p a r t i c u l a r l y  u s e f u l  
t o  a l a r g e  number of i s l a n d  governments and developing n a t i o n s .  Because t h e  
ocean thermal energy r e source  l i e s  p r i m a r i l y  w i t h i n  t h e  20° l a t i t u d i n a l  
bands,  developing c o u n t r i e s  t h a t  l i e  w i t h i n  o r  near t hese  boundaries can 
e x p l o i t  OTEC i n  t h e i r  contiguous t e r r i t o r i a l  seas. 

This  r e p o r t  s y n t h e s i z e s  e x i s t i n g  h i s t o r i c a l  in format ion  t h a t  has 
p e r t i n e n c e  t o  r e p r e s e n t a t i v e  land-based and p l a n t  s h i p  OTEC si tes i n  t h e  
P a c i f i c  Ocean. It provides  the  b a s i s  f o r  e x t r a p o l a t i n g  environmental  
in format ion  t o  probable  OTEC o p e r a t i n g  cond i t ions  so t h a t  t h e  p o t e n t i a l  
r i s k  of such f a c i l i t i e s  t o  e x i s t i n g  f i s h e r i e s  and o t h e r  marine r e sources  
can be eva lua ted .  

A. Overview 

I n  1 hour t h e  wor ld ' s  oceans r e c e i v e  enough s o l a r  energy t h e o r e t i c a l l y  
t o  meet i t s  annual  demand f o r  f u e l .  So la r  r a d i a t i o n  i s  g r e a t e s t  j u s t  
beneath t h e  sun and dec reases  a s  w e  move away from t h a t  po in t  (Gross 1972). 
Averaged over  a y e a r ,  t h e  maximum amount of s o l a r  energy i s  absorbed i n  t h e  
low- la t i t ude  t r o p i c a l  reg ion .  The r e s u l t  i s  t h a t  t h e  Ear th  r e c e i v e s  most 
of i t s  hea t  between l a t .  40°N and 40OS, whereas t h e r e  i s  a n e t  l o s s  i n  t h e  
h igh  l a t i t u d e s  between 400 and 90° i n  both hemispheres. The hea t  t r a n s f e r  
from low t o  high l a t i t u d e s  i n  t h e  ocean and atmosphere f u n c t i o n s  as s imple  
hea t  engines .  The t r ans fo rma t ion  of some of t h e  ocean ' s  hea t  energy i n t o  
mechanical energy is  i n  t h e  f o m  of waves, c u r r e n t s  , and winds. A l a r g e  
p ropor t ion  of t h e  s o l a r  energy, however, i s  simply s t o r e d  i n  t h e  warm 
t r o p i c a l  waters .  Tapping t h i s  s t o r e d  energy w i t h  OTEC can produce 
e l e c t r i c a l  energy, which i s  c u r r e n t l y  produced by o t h e r  f u e l  and tech- 
no log ie s  inc lud ing  o i l ,  c o a l ,  nuc lea r  power, and hydropower, as w e l l  as 
energy i n t e n s i v e  products  such as hydrogen, ammonia, and aluminum. An 
important by-product of some OTEC system des ign  is  f r e s h  water. 

The OTEC r e l i e s  p r i m a r i l y  on t h e  tempera ture  d i f f e r e n c e  between t h e  
warm s u r f a c e  and co ld  deep waters of t he  oceans. Warm water drawn from t h e  
ocean ' s  s u r f a c e  provides  hea t  which i s  t r a n s f e r r e d  through a heat exchanger 
t o  a working f l u i d .  Enclosed i n  a p a r t i a l  vacuum, the  working f l u i d  i s  
evapora ted  by t h e  hea t  and t h e  r e s u l t i n g  h igh-pressure  vapor d r i v e s  a 
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t u r b i n e  t o  produce e l e c t r i c i t y .  Cold water  i s  then pumped from t h e  deep 
l a y e r s  t o  condense t h e  low-pressure vapor i n  a second hea t  exchanger. The 
working f l u i d  i s  then  pumped back and r ecyc led .  

B. P o t e n t i a l  Areas 

Although t h e  ocean thermal r e source  needed f o r  OTEC can be found y e a r  
round i n  t h e  t r o p i c s  between l a t .  20°N and ZOOS, ach iev ing  maximum 
e f f i c i e n c y  from an OTEC p l a n t  would r e q u i r e  c e r t a i n  c h a r a c t e r i s t i c s  f o r  
op t imal  deployment. Among t h e s e  a r e  t h e  bottom topography and p r o f i l e ,  
t empera ture  d i f f e r e n c e  between t h e  warm s u r f a c e  and co ld  deep w a t e r ,  sub- 
s t r a t e ,  permanent water  flow, c u r r e n t s  ( t i d a l ,  wind-driven, and i n e r t i a l ) ,  
mass t r a n s p o r t  by waves, c l i m a t i c  c o n d i t i o n s ,  b e n t h i c  p r o p e r t i e s ,  and 
chemical p r o p e r t i e s  of t h e  sea  water .  

1. Temperature and depth  requi rements  

S i t e  s e l e c t i o n  i s  ve ry  c r i t i c a l  t o  t h e  development of an OTEC p l a n t .  
The magnitude of t h e  tempera ture  change (AT) between t h e  warm s u r f a c e  l a y e r  
and the  cold deep layer must be s u f f i c i e n t l y  l a r g e  t o  ma in ta in  power p l a n t  
ou tput  and e f f i c i e n c y .  
(Haven 19811, and an annual minimum tempera ture  d i f f e r e n c e  of a t  l e a s t  20C0 
between s u r f a c e  and deep-ocean waters i s  necessary  ( S u l l i v a n  e t  a l .  1981).  
The mixed l a y e r  no t  on ly  must be s u f f i c i e n t l y  deep t o  ensu re  t h a t  t h e  warm- 
water r e source  is a v a i l a b l e  a t  t h e  i n t a k e  depth but a l s o  i s  a c o n s i d e r a t i o n  
i n  c a l c u l a t i n g  the  d i scha rge  dep th  a t  which r e c i r c u l a t i o n  i s  kept  t o  a 
minimum. 

An o p e r a t i o n a l  minimum AT of 19C01 i s  e s s e n t i a l  

The ocean thermal r e source  f o r  OTEC i s  enormous even i f  only a r e a s  
w i t h  AT of a t  l e a s t  19Co are cons idered  (Yuen 1981). The depth  requirement 
f o r  a p o t e n t i a l  OTEC s i t e  w i l l  vary  depending on t h e  geograph ica l  l o c a t i o n  
of t h e  p l a n t .  For example, a t  Kahe P o i n t ,  Oahu, t h e  water  a t  500 m i s  
about 1 8 C 0  c o l d e r  than s u r f a c e  water whereas a t  1,000 m t h e  water is co lde r  
than  s u r f a c e  water by about  20-22CO. 
mainta ined  a t  only 457 m i n  waters o f f  Guam. 

On t h e  o t h e r  hand, AT of 19C0 can be 

F igu res  1 and 2 show AT between t h e  s u r f a c e  and 1,000 m f o r  t h e  
w o r l d ' s  oceans between l a t .  400N and 400s (U.S. Department of Commerce 
1980). 

2. Economic r e source  zone boundaries 

The 200-mile economic zones of c o u n t r i e s  i n  t h e  P a c i f i c  Basin and 
around t h e  r i m  a r e  shown i n  F igure  3. Economic zones of a d j a c e n t  c o u n t r i e s  
w i t h i n  many p a r t s  of t h e  South P a c i f i c  a r e  not w e l l  e s t a b l i s h e d .  Except 
where g raz ing  p l a n t  s h i p s  would be o p e r a t i n g  i n  open wa te r ,  i t  is  not 
a n t i c i p a t e d  t h a t  boundary d i s p u t e s  w i l l  occu r ,  because most p l a n t  des igns  
under c o n s i d e r a t i o n  involve  sho res ide  f a c i l i t i e s  o r  nea r shore  towers. 

C. P r e d i c t e d  S i t e s  

Seve ra l  s i t e s  i n  t h e  P a c i f i c  have been s t u d i e d  f o r  p o s s i b l e  land-based 
OTEC f a c i l i t i e s ,  i nc lud ing  Keahole Poin t  and Kahe Point i n  t h e  Hawaiian 
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I s l a n d s ,  Cabras I s l a n d  o f f  Guam, Japan, Manila i n  t h e  P h i l i p p i n e s ,  t h e  
Republic of Nauru, Taiwan, Mexico, French Polynes ia ,  and New Caledonia.  

1. French Polynes ia  and New Caledonia 

French Po lynes i a  and New Caledonia are considered p o t e n t i a l  OTEC s i tes  
i n  t h e  South P a c i f i c  (Yuen 1981). 
Nat iona l  pour 1 ' E x p l o i t a t i o n  des  Oceans (CNEXO) i n d i c a t e d  t h a t  an o f f s h o r e  
p l a n t  of 3-15 MW i s  f e a s i b l e  i n  waters c l o s e  t o  T a h i t i .  With c o s t s  about 
equa l  f o r  bo th  an open- and closed-cycle system,' CNEXO f a v o r s  t h e  former 
because of t h e  added advantage of fresh-water product ion .  A sma l l - sca l e  
OTEC p l a n t  i s  a l s o  economically compet i t ive  w i t h  o i l - f i r e d  p l a n t s  i n  
t r o p i c a l  i s l a n d s  (Marshand 1979, 1980).  

Resu l t s  of a study by t h e  Cent re  

2. Guam 

The e x i s t e n c e  of i d e a l  oceanographic cond i t ions  such as c o n s i s t e n t l y  
w a r m  s u r f a c e  water and a s t e e p  submarine s l o p e  c l o s e  t o  shore  makes OTEC a 
v i a b l e  a l t e r n a t i v e  f o r  energy i n  Guam. 
c o n s i s t e n t  annual mean AT d i f f e r e n c e  of  23.4C0 between t h e  s u r f a c e  and 
dep ths  of about 854-915 m nea r  Cabras I s l a n d  and Luminao Reef (F igu re  4 )  
and t h a t  t h i s  AT could be obta ined  o n l y  1.75 km o f f s h o r e  from t h e  Glass  
Breakwater a t  t h e  wes tern  t i p  of Luminao Reef. 

Lassuy (19791, demonstrated a 

A review of t he  oceanographic informat ion  from Guam, showed t h a t  
t h e  tempera ture  d i f f e r e n c e  r e source  nea r  Guam i s  unsurpassed among 10 o t h e r  
s i tes  examined throughout t h e  world (Wolff 1979a, Tables  1 and 2).  Wolff 
found mean monthly s u r f a c e  tempera tures  c o n s i s t e n t l y  high year round, 
ranging between 27.7O and 29.2OC. Likewise, c o n s i s t e n t l y  l a r g e  and s t a b l e  
AT va lues  were a v a i l a b l e  through t h e  y e a r ;  a n  annual average  AT g r e a t e r  than 
20Co i s  a v a i l a b l e  a t  dep ths  of s l i g h t l y  less than  500 m. 

The major o b s t a c l e  t o  OTEC development a t  Guam is  t h e  frequency of 
typhoons and t r o p i c a l  storms. Seismic a c t i v i t y  i n  t h e  Guam a r e a  a l s o  
poses a t h r e a t  t o  OTEC o p e r a t i o n s .  Wolff added t h a t  ocean c u r r e n t s  near  
Guam were g e n e r a l l y  moderate i n  s t r e n g t h  and v a r i e d  only s l i g h t l y  i n  
d i r e c t i o n .  

3.  Hawaiian I s l a n d s  

H a w a i i ,  which is  l o c a t e d  i n  t h e  no r the rn  l i m i t  of t h e  P a c i f i c  t r o p i c a l  
water mass where t h e  tempera ture  d i f f e r e n c e  between s u r f a c e  and deep water 
i s  s u f f i c i e n t l y  l a r g e  t o  suppor t  OTEC o p e r a t i o n s ,  has a s teady  a c c e s s i b l e  
thermal r e source  a t  o r  g r e a t e r  than  19Co (Haven 1981). Long-term surveys  
of phys i ca l  oceanographic cond i t ions  and ocean bathymetry around H a w a i i  
r evea led  t h a t  a t  a depth  of 500 m, t he  wa te r s  were t y p i c a l l y  about  1 8 C 0  
c o l d e r  than s u r f a c e  water whereas a t  1,000 m, t h e  AT va lues  inc reased  t o  
20-22Co. The maximum o b t a i n a b l e  d i f f e r e n c e s  were 24C0 a t  500 m and 26C0 a t  
1,000 m. 

Haven r epor t ed  t h a t  a l though t h e  thermal p r o f i l e s  f o r  most s i t e s  
s t u d i e d  i n  Hawaiian waters showed ve ry  similar temperature g r a d i e n t s  and 
seasona l  s h i f t s ,  long-term thermal measurements showed a s u b s t a n t i a l  

. . . . . . . . .. . . . -. . . . -. -. . . .. . . 
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s u r f a c e  tempera ture  v a r i a t i o n  over t i m e .  For example, s u r f a c e  tempera tures  
averaged o n l y  22.8OC i n  1930. 
t h i s  low tempera ture  could have a d i s a s t r o u s  impact on OTEC o p e r a t i o n s .  

A r e t u r n  t o  sea  cond i t ions  r e s p o n s i b l e  f o r  

According t o  Haven, t h e  a p p r o p r i a t e  annual  mean tempera tures  f o r  OTEC 
o p e r a t i o n s  i n  Hawaii should be 25OC +1.2OC f o r  s u r f a c e  wa te r s  and a 
cons t an t  tempera ture  of  4.5OC a t  800 m. These des ign  tempera tures  should 
produce a u s a b l e  thermal g r a d i e n t  of 19.2-21.7Co over t h e  year.  

Sur face  tempera tures  ranged from 24.70 t o  27.1% a t  Keahole Poin t  
(Bathen 1975).  
t empera tures  decreased  r a p i d l y  f o r  ano the r  200 m and only s l i g h t l y  from 
330 t o  350 m. A t  550 m, t h e  tempera ture  was 6.9OC; t h u s  a AT of 18.8C0 
was p o s s i b l e  a t  550 m. Bathen noted t h a t  an annual thermal d i f f e r e n c e  of 
18-20Co was t y p i c a l  i n  t h e  Keahole reg ion .  The minimtm tempera ture  
d i f f e r e n c e  a t  610 m w a s  20.6C0 i n  summer and 18.2C0 i n  win te r .  

Below t h e  mixed layer ,  which was 80-100 m t h i c k ,  

Cur ren t s  ranged from 0.05 t o  0.6 knot o f f  Keahole and speeds of 0.1- 
0.3 knot were r a t h e r  t y p i c a l .  The ne t  s u r f a c e  t r a n s p o r t  was n o r t h  t o  
n o r t h e a s t  i n  w i n t e r  (November-May) and a n o r t h  t o  south  t r a n s p o r t  ( t i d a l )  
was more apparent  i n  l a t e  summer, a l though the  n e t  d r i f t  remained 
n o r t h e r l y .  

Off Keahole, t h e  nea r shore  s lope  i s  s t e e p :  It i s  610 m deep about 0.8 
nmi from shore .  The maximum recorded wave he igh t  was 1.8 m wi th  a per iod  
of 14 s e c ;  however, waves were below 1.2 m about 97% of t h e  t i m e .  Bathen 
p r e d i c t e d  t h e  maximum s i g n i f i c a n t  wave he ight  f o r  t h i s  l o c a t i o n  t o  be about 
6 m. 

Cl ima t i c  c o n d i t i o n s  i n  t h e  Keahole a r e a  were g e n e r a l l y  m i l d .  Winds 
blew onshore du r ing  t h e  day and o f f s h o r e  a t  n i g h t ,  and r a r e l y  exceeded 5 
knots .  During inf requent .  storms, wind speeds of 15-30 kno t s  can be 
expected. 

A t  Kahe Po in t  on t h e  wes tern  shore  of Oahu, t h e  1,000-m contour i s  
about 3.8 nrni from shore .  The minimum observed a t  t h i s  s i t e  was 20.0Co 
whereas t h e  maximum reached 22.8CO (Ocean Data System, Inc .  (ODSI) 1977). 
S t u d i e s  by Seckel  (1955) and Maynard e t  a l .  (1975) i n d i c a t e  t h a t  a minimum 
of 914 m w i l l  be needed t o  o b t a i n  a AT of 19Co dur ing  w i n t e r  when s u r f a c e  
tempera tures  are co lde r .  I n  summer, t h e  tempera ture  d i f f e r e n c e  between t h e  
s u r f a c e  and 914 m ranged t o  23.0C0. 
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The depth  of t h e  mixed l a y e r  a t  Kahe Po in t  was 50 m i n  summer and 90 m 
i n  w i n t e r  (ODSI 1977). 
appeared t o  be some seasona l  v a r i a t i o n  i n  c u r r e n t  speed whereas i n  waters 
deeper than  350 m, t h e r e  was no evidence of seasonal  t r end  (Noda and 
Assoc ia t e s  1982). A t  50 m, t h e  monthly maximum c u r r e n t  speed ranged from 
52.7 cm/sec i n  August to 77.4 cm/sec i n  May (Noda 1981). Monthly mean 
va lues  a t  t h i s  depth v a r i e d  from 17.5 cm/sec i n  August t o  27.2 cm/sec i n  
March. 

The upper water column o f f  Kahe e x h i b i t e d  what 

Cur ren t s  a r e  o f t e n  s t r o n g  o f f  Kahe but could be h ighly  v a r i a b l e  
(Bathen 1978).  The n e t  d r i f t  i s  r a t h e r  c o n s i s t e n t  and moderate t o  s t r o n g  



toward t h e  south  of Maili Po in t  t o  Barbers Point from August t o  January  
when winds a r e  less dominated by the  no r theas t  t r a d e s .  In  deep wa te r ,  n e t  
d r i f t  i s  v a r i a b l e  toward t h e  s h o r e l i n e  from February t o  A p r i l  and d i r e c t l y  
o f f s h o r e  from May t o  J u l y .  

Waves impinging on t h e  Kahe a r e a  may be genera ted  e i t h e r  from 
ear thquakes  ( t sunami)  o r  wind. An OTEC power t r ansmiss ion  c a b l e  would 
r e q u i r e  adequate tsunami p r o t e c t i o n  through t h e  c o a s t a l  zone. Runup o r  
v e r t i c a l  he igh t  change dur ing  a tsunami a t  both  Kahe and Barbers Poin t  was 
about 3.6 m du r ing  t h e  1946 tsunami t h a t  washed t h e  shores  of Oahu (Cox and 
Mink 1963; Dames & Moore 1970; Armst.rong 1973). 

I n  Hawaiian waters, t h e r e  a r e  a number of s i t e s  t h a t  s a t i s f y  c r i t e r i a  
f o r  both nearshore  f l o a t i n g  and shore-based OTEC power p l a n t s .  Shupe 
(1982) i d e n t i f i e d  s e v e r a l  l o c a t i o n s  throughout t h e  s t a t e  t h a t  have some 
p o t e n t i a l  f o r  OTEC sys t ems ,  but r e p o r t e d  t h a t  a d d i t i o n a l  ba thymetr ic  and 
ocean cu r ren t  s t u d i e s  a r e  needed t o  v e r i f y  t h e s e  si tes as s u i t a b l e .  Based 
on h i s  f i n d i n g s ,  t h e s e  a r e a s  are: 

o Hawaii--Off L e l e i w i  Po in t  southward t o  Cape Kumukahi and a long  t h e  
s o u t h e a s t e r n  coas t  t o  Ka Lae, then northward along t h e  
southwes tern  and wes tern  c o a s t s  as f a r  as Keahole Po in t .  

o Maui--Off Hana; a l s o  a long  t h e  s o u t h e a s t e r n  coast. from about 
Kipahulu t o  Kiakeana Po in t .  

o Molokai--Off Makanalua Peninsula .  

o Oahu--Along t h e  Waianae coas t  from Barbers Point t o  Kaena Po in t .  

o Kauai--Off t h e  n o r t h  shore  between Hanale i  and Kilauea P o i n t ;  a l s o  
a long  t h e  e a s t e r n  and southern  c o a s t s  from Wailua t o  Waimea. 

4.  Japan  

Although t h e  Japanese  i s l a n d s  are w e l l  no r th  of l a t .  20°N and o u t s i d e  
the  t r o p i c a l  zone where t h e  ocean thermal r e sources  can be found year 
round, they  a r e  s t r a t e g i c a l l y  loca t ed ,  because t h e  Kuroshio c o n s t a n t l y  
b r ings  a l a r g e  amount of thermal energy i n  t h e  form of w a n n  s u r f a c e  wa te r  
from the  t r o p i c s .  

Oceanographic s t u d i e s  i n d i c a t e  t h a t  t h e  P a c i f i c  coas t  of Japan i s  
bathed by t h e  Kuroshio which b r i n g s  s u f f i c i e n t l y  wann s u r f a c e  tempera ture  
(28OC) and has co ld  water t h a t  can be obta ined  from 790-111 f o r  t h e  needed 
AT. 

Homma e t  a l .  (1979) cons idered  f i v e  s i tes  f o r  OTEC development o f f  
Japan. These were a t  I r iomote  I s l a n d ,  Okinawa I s l a n d ,  Toyama Bay, Osumi 
I s l a n d s ,  and t h e  I z u  Peninsula .  Data c o l l e c t e d  from four  of t h e  s i tes  
showed maximum wind v e l o c i t y  ranging  from 39.6 t o  78.6 m/sec, s i g n i f i c a n t  
wave he igh t  va ry ing  between 8.5 and 15.0 m, and frequency of typhoons 
ranging from 21-40 t imes /year  a t  Toyama t o  41-60 t imes /year  a t  I r iomote ,  
Okinawa, and Osumi. They concluded from t h e i r  s t u d i e s  t h a t  Osumi  and 
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Toyama would be most s u i t a b l e  as r e p r e s e n t a t i v e  s i t e s  f o r  OTEC development 
i n  Japan. 

Homma e t  a l .  r e p o r t e d  t h a t  t h e  tempera ture  p r o f i l e  a t  Osumi was q u i t e  
d i f f e r e n t  from t h a t  a t  Toyama. A t  500 m,  t h e  tempera ture  a t  Osumi reached 
9.18OC whereas a t  Toyama, i t  was 0.35OC. 
depth  was determined t o  be 790 m a t  Osumi and 370 m a t  Toyama. 
maximum mean s u r f a c e  tempera tures  1,000 m o f f  O s u m i  and Toyama are shown i n  * 
Figure  5. 

The optimum cold-water i n t a k e  
Minimum and 

I n  a d d i t i o n  t o  deve loping  OTEC f a c i l i t i e s  t o  s a t i s f y  t h e i r  own power e 

needs,  t h e  Japanese  a r e  a l s o  v i t a l l y  cognizant of t h e  market i n  technology 
t r a n s f e r ,  p a r t i c u l a r l y  along oil-dependent P a c i f i c  i s l a n d s  where AT'S are 
e x c e l l e n t  all y e a r  long  and deep c o l d  water  i s  a v a i l a b l e  nea r shore .  
1979,  Tokyo E l e c t r i c  Power Se rv ices  Company, Ltd. began work on a 100 kW 

This  p l a n t  was a r e s e a r c h  f a c i l i t y  f o r  t e s t i n g  hea t  exchangers (H. 
Pennington, DPED, pe r s .  commun., September 15, 1982). 

I n  

exper imenta l  conf i rmat ion"  c losed  c y c l e  p l an t  s i t e d  on t h e  i s l a n d  of Nauru. I1 

5. Manila, P h i l i p p i n e  I s l a n d s  

H i s t o r i c a l  oceanographic d a t a  i n d i c a t e  t h a t  i n  wa te r s  o f f  Manila, 
P h i l i p p i n e  I s l a n d s ,  an e x c e l l e n t  thermal d i f f e r e n c e  e x i s t s  between s u r f a c e  
and deep water t o  make OTEC development f e a s i b l e  (Wolff 1979b). 
l a t .  14O-16ON and long. 118°-1200E o f f  t h e  west coas t  of Luzon, s u r f a c e  
tempera tures  were h igh  throughout t he  yea r  and t h e  lowes t  monthly mean was 
about 27.2OC. The monthly mean AT w a s  24.0C0 a t  1,000 m, and annual mean 
thermal d i f f e r e n c e  was 20.0C0 a t  500 m. It was concluded from t h e  s tudy  
t h a t  t h e  thermal d i f f e r e n c e  a t  500 m vas s u f f i c i e n t l y  l a r g e  and t h a t  t h e  
co ld  water  p i p e  f o r  t h e  p l a n t  could be made r e l a t i v e l y  s h o r t .  

Between 

Wolff found t h a t  t h e  c o n t i n e n t a l  s lope  o f f  t he  P h i l i p p i n e s  was s t e e p  
and t h a t  t h e  1,000-rn contour l a y  w i t h i n  10 nmi o f f  t h e  s h o r e l i n e  around 
Luzon. The s i n g l e  most important o b s t a c l e  t o  OTEC development was c l i m a t i c  
c o n d i t i o n s ,  t h a t  i s ,  typhoons, high winds,  and s t o m s  were a major problem 
i n  t h i s  a r e a .  I n  a d d i t i o n ,  s e i smic  a c t i v i t y  could c r e a t e  f u r t h e r  concerns.  

Water c u r r e n t s  around t h e  i s l a n d s  were g e n e r a l l y  moderate w i t h  some 
v a r i a t i o n  du r ing  t h e  year.  
throughout t he  yea r .  

Also, t h e  mixed l a y e r  appeared t o  be adequate 

6 .  Mexico, west coas t  

A study of a s i t e  chosen f o r  p o s s i b l e  OTEC development o f f  t h e  west 
coas t  of Mexico showed t h a t  t h e  temperature d i f f e r e n c e  was more than  
adequate f o r  p o t e n t i a l  use (Wolff 1979d).  The s i t e  (between la t .  20°-230N 
and long. 1050-11O0W), had an annual mean AT of 20.0C0 a t  800 m and 20.9C0 
a t  1,000 m. During March, t h e  c o l d e s t  month of t h e  yea r ,  t h e  mean AT w a s  
17.2C0. Wolff r e p o r t e d  t h a t  a t  800 m, t h e r e  was some v a r i a t i o n  i n  monthly 
mean tempera ture  d i f f e r e n c e ;  however, t h i s  d i f f e r e n c e  w a s  adequate even i n  
t h e  c o l d e s t  month (Tables  1 and 2).  
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The r e l a t i v e l y  shallow mixed l a y e r  i n  t h i s  a r e a  was p e r s i s t e n t  
throughout t h e  yea r .  Sur face  c u r r e n t s  were weak wi th  some v a r i a t i o n  i n  the  
d i r e c t i o n  of t h e  flow. Because of t h e  e x i s t e n c e  of a l a r g e  c o n t i n e n t a l  
s h e l f ,  t he  d i s t a n c e  from shore  t o  t h e  1,OOO-m depth  contour was r e l a t i v e l y  
g r e a t  a l though one bay nearby could supply co ld  deep water  w i t h i n  2.7 nmi 
from the  s i t e .  

Storms could be a major problem i n  t h i s  a r e a  from May t o  November; s ea  
cond i t ions  and swells were moderate and d id  not  appear t o  be of major 
concern. 

7 .  P a c i f i c  p l a n t  s h i p  

A p l a n t  s h i p  i s  a se l f -p rope l l ed  s u r f a c e  p la t form which can c r u i s e  t o  
a r e a s  where AT i s  g r e a t e s t  and storms l e s s  severe  s o  t h a t  OTEC power can be 
used t o  produce a s t o r a b l e  energy- in tens ive  product or o t h e r  commercial 
products such as ammonia, hydrogen, methyl a l c o h o l ,  l i q u i d  n a t u r a l  gas ,  
aluminum, a l l o y s  prepared i n  e l e c t r i c  fu rnaces ,  semiconductor m a t e r i a l s ,  
and t o  r e f i n e  manganese nodules (Avery 1980). 
g r i d s  i s  not an important c o n s i d e r a t i o n  f o r  a p l a n t  s h i p  compared w i t h  land- 
based o r  bottom-mounted p l a n t s .  Furthermore, d i s t a n c e  t o  shore  i s  a minor 
c o n s i d e r a t i o n  and t h e r e  i s  no need f o r  submarine cab le s  t o  t r ansmi t  
e l e c t r i c i t y .  Although informat ion  on bottom topography i s  not  c r u c i a l ,  i t  
i s  necessary  t h a t  t h e r e  be s u f f i c i e n t  depth t o  provide  t h e  co ld  wa te r  
needed. 

Proximity t o  sho re  and power 

The s i t e  examined f o r  p l a n t  s h i p  ope ra t ion  was loca ted  near t h e  
approximate l i m i t s  of t h e  North Equa to r i a l  Current and t h e  P a c i f i c  
Equa to r i a l  Countercur ren t  (between la t .  50-10°N and long. 9Oo-95OW). Wolff 
( 1 9 7 9 ~ )  desc r ibed  t h i s  a r e a  as e x c e l l e n t  f o r  p o t e n t i a l  OTEC use. 
s u r f a c e  tempera ture  c o n s i s t e n t l y  high, ranging  from 26.5O t o  28.5OCJ and an 
annual mean AT g r e a t e r  than  20C0 a t  a depth  of 550 rn or g r e a t e r  (Tables  1 
and 2).  

He found 

For t h e  e n t i r e  p l an t  s h i p  r eg ion  s t u d i e d ,  Wolff found bottom depths  
much g r e a t e r  than  1,500 m. The depth  of t h e  mixed layer w a s  ve ry  sha l low . 
year round but a l s o  n e a r l y  nonex i s t en t  a t  times, i n d i c a t i n g  t h a t  a warm- 
water  i n t a k e  could be loca ted  ( o r  pos i t i oned)  very near the  s u r f a c e .  
Storms and h igh  winds were not  a major problem f o r  t h i s  s i t e  p a r t l y  as a 
r e s u l t  of i t s  proximity t o  the  Equator. Compared w i t h  o t h e r  P a c i f i c  s i tes  
examined, mean s u r f a c e  c u r r e n t s  were somewhat l a r g e r  i n  magnitude. Wolff 
concluded t h a t  c u r r e n t  s h e a r s  may be troublesome i n  t h i s  a r e a .  

8.  Taiwan 

Like Japan, Taiwan i s  a l s o  s i t u a t e d  w i t h i n  t h e  i n f luence  of t h e  
Kuroshio, t hus  making it p o s s i b l e  t o  cons ide r  OTEC. Along t h e  e a s t  c o a s t  
of Taiwan, t h e  Kuroshio f lows  c l o s e  by and t h e  1,000-rn depth contour  i s  
r e l a t i v e l y  c l o s e  t o  shore.  Liang e t  a l .  (1980) found t h a t  t h e  AT of 20C0 
occurred  a t  about 500-550 m i n  May-October i n  waters o f f  Hualien (F igu re  
6) .  
much as 60 m i n  t h e  win te r .  F requen t ly ,  nc mixed l a y e r  e x i s t e d  a t  o t h e r  
t imes of t he  yea r .  Liang e t  a l .  concluded t h a t  t he  water o f f  Taiwan w a s  

The mixed l a y e r  o f f  Taiwan was u s u a l l y  20 D[! t h i c k  i n  t h e  summer but as 



highly  s t r a t i f i e d ;  t h e r e f o r e ,  they  recommended that.  t h e  warm-water i n t a k e  
f o r  any OTEC p l a n t  be l o c a t e d  nea r  t h e  sea  s u r f a c e .  They f u r t h e r  
recommended t h a t  because of t h e  hazards from a typhoon, any OTEC p l a n t  
b u i l t  i n  Taiwan should be a shelf-mounted f a c i l i t y .  

I n  a second s tudy ,  Liang e t  a l .  (1981) examined a s i t e  f u r t h e r  south  
a long  t h e  e a s t e r n  and wes tern  c o a s t s  of sou the rn  Taiwan. Data were 
ga the red  f o r  6 months a t  a depth  of 300 m o f f  Hung-tzai (F igu re  6 ) .  
study demonstrated t h a t  by u t i l i z i n g  an  e x i s t i n g  nuc lea r  power p l a n t ' s  
d i scha rged  coo l ing  wa te r ,  which was about loco h ighe r  than ambient water ,  
i t  would be p o s s i b l e  t o  a t t a i n  a AT of 2l0-25oC. Cther r e s u l t s  i n d i c a t e d  
t h a t  t h e  mixed l a y e r  i s  not d e t e c t a b l e  i n  summer and t h a t  t h e  thermocline 
g e n e r a l l y  extended t o  200 m. They concluded t h a t  from t h e  s t andpo in t  of 
ocean eng inee r ing ,  Hung-tzai was i d e a l  f o r  a land-based GTEC p l a n t  coupled 
t o  a power p l a n t .  

The i r  

11. PHYTOPLANKTON 

Ranging i n  s i z e  from about 1 p t o  1 mm, marine phytoplankton inc lude  
r e p r e s e n t a t i v e s  of many a l g a l  groups. These f r e e - f l o a t i n g  a lgae  b u i l d  up 
protoplasm and food r e s e r v e s  d i r e c t l y  from carbon d iox ide  and n u t r i e n t  
s a l t s  and form the  base upon which t h e  r e s t  of t h e  marine food c h a i n  
depends (Newell and N e w e l l  1963; S u l l i v a n  e t  a l .  1981).  Although most 
b a c t e r i a  are h e t e r o t r o p h i c ,  they a r e  not  inc luded  i n  t he  phytoplankton 
because of t h e i r  a b i l i t y  t o  abso rb  o rgan ic  n u t r i e n t s  d i r e c t l y  from the  
e x t e r n a l  medium. 

Because t h e  e f f e c t s  of OTEC on t h e  marine environment are l i k e l y  t o  be 
seen i n i t i a l l y  i n  changes i n  t h e  phytoplankton, due i n  p a r t  t o  t h e  
d i s c h a r g e  of c o l d ,  n u t r i e n t - r i c h  deep water  i n t o  t h e  p h o t i c  zone, any 
s h i f t s  t h a t  occur i n  s t and ing  s tock ,  conmunity s t r u c t u r e ,  or pho tosyn the t i c  
a c t i v i t y  of t h e  phytoplankton c a r r y  i m p l i c a t i o n s  f o r  t h e  e n t i r e  t r o p h i c  
community (Noda et a l .  1981b). 

The s t a n d i n g  s t o c k  and primary p r o d u c t i v i t y  of phytoplankton a r e  
u s u a l l y  determined by a s s e s s i n g  c h l o r o p h y l l  EL, phaeopigments, adenos ine  
t r i p h o s p h a t e  (ATP), and pho tosyn the t i c  r e t e  (Noda e t  a l .  1981b). 
Chlorophyl l  v a l u e s  a r e  u n i v e r s a l l y  accepted  as a measure of phytoplankton 
biomass whereas phaeopigment v a l u e s ,  ob ta ined  i n  t h e  process  of a d j u s t i n g  
t h e  accuracy of c h l o r o p h y l l  & v a l u e s ,  a l s o  provide  p h y s i o l o g i c a l  and 
e c o l o g i c a l  i n d i c e s  of community s t a t u s .  The ATP va lues  g i v e  a measure of 
t o t a l  biomass which embraces not  only phytoplankton but a l s o  b a c t e r i a  and - 
microherb ivores .  Pho tosyn the t i c  r a t e  i s  e s s e n t i a l l y  a measure of primary 
p r o d u c t i v i t y  and r e p r e s e n t s  t he  primary input of chemical energy i n t o  t h e  
marine food web. 

* 

A. Open Ocean S i t e s  

Because OTEC-1 experiments were c a r r i e d  out aboard t h e  Ocean Energy 
Converter anchored o f f s h o r e  i n  t h e  Keahole Po in t  area, d a t a  ga thered  
from these  experiments can be used t o  d e p i c t  ecosystem f u n c t i o n s  a t  open 
ocean s i t e s .  The fo l lowing  d i s c u s s i o n  r evo lves  around some of t h e  r e s u l t s  
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obta ined  from t h e s e  experiments and t h e  resul ts  of t h e  Deep Ocean Mining 
Environmental Study (DOMES) t h a t  a r e  p e r t i n e n t  t o  t h i s  r e p o r t .  

1. Biomass, primary p r o d u c t i v i t y  l e v e l s ,  compensation depth 

1.1 Biomass 

Simply de f ined ,  biomass i s  t h e  amount of l i v i n g  matter per u n i t  of 
water  s u r f a c e  o r  volume and i s  used a s  an index of s t and ing  s tock .  Typica l  
u n i t s  f o r  s t and ing  s tock  measurements a r e  p g / l i t e r ,  mg/m3, g/m2, and kg/ha. 
A d d i t i o n a l l y ,  phytoplankton s t and ing  s tock  may be descr ibed  a s  c o n s i s t i n g  
of lo6  c e l l s t l i t e r  of a s p e c i e s  
concen t r a t ion  expressed 86 mg/m3 (Parsons and Takahashi 1973). 

o r  being r ep resen ted  by a ch lo rophy l l  2 

In  a s t u d y  t o  e v a l u a t e  t h e  v a r i a b i l i t y  i n  p h y s i c a l ,  chemical,  and 
b i o l o g i c a l  parameters a t  an  open ocean s i t e  o f f  Keahole Po in t ,  Haka i i ,  a t  
l a t .  19O55'N and long. 156°10'W i n  wa te r s  1,300-m deep (F igu re  71, Noda e t  
a l .  (1980) conducted s i x  c r u i s e s  (HOTEC-1 through HOTEC-6) t o  examine an 
OTEC benchmark s i te .  They found a s u r f a c e  mixed l a y e r  of r e l a t i v e l y  low 
c h l o r o p h y l l  a c o n c e n t r a t i o n s ,  ranging  between 0.03 and 0.18 mg/m3. 
t y p i c a l  of o t h e r  ocean ic  water columns from many r eg ions  of t h e  wor ld ' s  
oceans ,  a subsu r face  ch lo rophy l l  maximum was a l s o  present  below which 
va lues  dec l ined  t o  n e g l i g i b l e  l e v e l s .  Among t h e  exp lana t ions  o f f e r e d  f o r  
t h e  presence of t h e  deep ch lo rophy l l  maximum were: 

As i s  

o Decrease i n  phytoplankton s ink ing  r a t e .  

o I n c r e a s e  i n  c e l l u l a r  conten t  of ch lo rophy l l  v i a  a d a p t a t i o n  t o  
reduced l i g h t  l e v e l s .  

Noda e t  a l .  (1980) r e p o r t e d  t h a t  t h e  subsur face  ch lo rophy l l  maximum 
was loca ted  between 64 and 94 m and ranged from 0.17 t o  0.62 mg/m3 (F igure  
8). Temporal v a r i a b i l i t y  i n  phytoplankton s tock  w a s  demonstrated by 
comparing t h e  i n t e g r a t e d  levels.  Within t h e  mixed l a y e r ,  i n t e g r a t e d  
ch lo rophy l l  va lues  were 1.93-10.30 m g / d  compared wi th  13.77-45.13 rng/m2 
f o r  t h e  e n t i r e  u p p e r  260 m. Noda e t  a l .  found no c o r r e l a t i o n  hetween 
v a r i a t i o n s  i n  t h e  s t and ing  s t o c k  of phytoplankton and v a r i a t i o n s  i n  any of 
t he  o t h e r  parameters measured. 

Phaeopigment va lues  are u s u a l l y  of importance i n  a d j u s t i n g  ch lo rophy l l  
measurements f o r  p o s s i b l e  contamination (Shuman and Lorenzen 1975). 
phaeopignent p r o f i l e  a t  Keahole p a r a l l e l e d  t h e  shape of t h e  ch lo rophy l l  
p r o f i l e ;  c o n c e n t r a t i o n s  were u s u a l l y  one- th i rd  t o  one-half t he  c h l o r o p h y l l  
l e v e l s ,  except i n  t h e  r eg ion  of t h e  pigment maximum where phaeopigment 
concen t r a t ions  inc reased  t o  80-90% of t h e  ch lo rophy l l  l e v e l s  (Bienfang 
1977).  Noda et  a l .  (1980) found a s i m i l a r  d i s t r i b u t i o n  of phaeopigments 
where t h e  v e r t i c s l  s t r u c t u r e  was s i m i l a r  t o  t h a t  of ch lo rophy l l .  Over s i x  

3 c r u i s e s ,  t h e  shape of t h e  v e r t i c a l  p r o f i l e  was s i m i l a r ;  however, t h e  
phaeopigment l e v e l s  v a r i e d  widely from unde tec t ab le  l e v e l s  t o  0 .@9 mg/m 
w i t h i n  the  mixed l a y e r ,  from 0.05 t o  0.45 mg/m3 a t  t h e  subsur face  maximum 
l e v e l ,  and from 3.67 t o  22.53 mg/m3 i n t e g r a t e d  over t h e  e n t i r e  upper 260 m. 

The 
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Noda e t  a l .  (1980) a l s o  noted t h a t  t h e  depth of t h e  phaeopibment 
maximum was a t  o r  below t h a t  of t he  ch lo rophy l l  maximum. They reasoned 
t h a t  t h i s  d i f f e r e n c e  may be a t t r i b u t e d  t o  photo-oxidation of t h e  l i g h t -  
l a b i l e  phaeopigments and t o  phaeopigment product ion  i n  a r e g i o n  where low 
l i g h t  l e v e l s  i n h i b i t  phaeopigment deg rada t ion  and c h l o r o p h y l l  p roduct ion .  

Noda e t  a l .  (1980) a l s o  used ATP v a l u e s  as a t o t a l  m i c r o b i a l  biomass 
i n d i c a t o r  f o r  o f f s h o r e  waters o f f  Keahole Po in t .  They found t h a t  t h e  ATP 
v a l u e s  g e n e r a l l y  decreased  wi th  depth.  
va lues  were h ighly  v a r i a b l e  ranging  from 2.37 t o  52.72 ug/m3. They found 
no i n d i c a t i o n  of a subsu r face  maximum as was apparent f o r  c h l o r o p h y l l  a and 
phaeopigment concen t r a t ions .  Depth-integrated ATP v a l u e s  v a r i e d  from 0.56 
t o  5.72 mg/m2 over  12  hydrocas ts .  The average over  s i x  c r u i s e s  was 3.00 It 
1.78 (s .d .1  mg/m2. 

I n  t he  s u r f a c e  l a y e r s  (0-100 m), 

The ATP method, one of s e v e r a l  biochemical techniques  used t o  e s t i m a t e  
m i c r o b i a l  biomass, measures t h e  biomass of t o t a l  microplankton inc lud ing  
phytoplankton. 
d i f f i c u l t  t o  i n t e r p r e t  and may exceed t h e  r e a l  m i c r o b i a l  biomass by 1 .5  t o  
4.0 t i m e s .  Never the less ,  e m p i r i c a l  c o r r e l a t i o n s  have been found f o r  some 
oceanic  h a b i t a t  thereby  making t h e  method u s e f u l .  

Sorokin (1981) has  r e p o r t e d  t h a t  ATP va lues  may be 

Noda e t  a l .  (1980) a l s o  used t h e  production/biomass ( P / B )  r a t i o  
expressed  as mg carbon/mg chlorophyl laJh  (Bienfang and Gundersen 1977) as 
an i n d i c a t o r  of t h e  s p e c i f i c  ra te  of a c t i v i t y  of each biomass u n i t .  
Primary p r o d u c t i v i t y  v a l u e s  r e p r e s e n t  t h e  r a t e  a t  which phytoplankton are 
performing work o r  p u t t i n g  energy i n t o  t h e  t r o p h i c  system whereas 
c h l o r o p h y l l  v a l u e s  r e p r e s e n t  t he  component of t h e  popula t ion  performing 
t h a t  work. For d a t a  from s ix  c r u i s e s  P / B  r a t i o s  v a r i e d  from 0 to 8.31 
mgC/mg c h l o r o p h y l l  aJh. Noda e t  a l .  found t h a t  t h e  P/B r a t i o  v a r i e d  
v e r t i c a l l y  and temporally.  V e r t i c a l l y ,  P/B r a t i o s  from a l l  c r u i s e s  r a p i d l y  
d e c l i n e d  w i t h  d e p t h  which i n d i c a t e d  a d imin i sh ing  a v a i l a b i l i t y  of l i g h t  f o r  
pho tosyn thes i s .  Temporally, t h e  range of P / B  r a t i o s  over rhe water column 
f o r  each of t h e  s i x  c r u i s e s  were as fo l lows :  0.72-4.57; 0-2.80; 0-2.27; 
0.03-0.52; 0.32-8.35; and 0-1.11 mgC/rng ch lo rophy l l  eJh. Almost a1 1 t t e  
v a l u e s ,  p a r t i c u l a r l y  those from near  s u r f a c e  samples demonstrated strong 
n u t r i e n t  impoverishrcent . 

I n  a s tudy  i n  t h e  DOmS a r e a  of t h e  t r o p i c a l  P a c i f i c  (F igu re  91, E l -  
Sayed and Taguchi (1979) found t h a t  t he  water  i n  t h i s  r eg ion  ( l a t .  50-20°N 
and long. 128O-155OW) was c h a r a c t e r i z e d  by lcw c h l o r o p h y l l a  v a l u e s ,  a 
c o n d i t i o n  nom-zl ly  expec ted  f o r  o l i g o t r o p h i c  t r o p i c a l  and s u b t r o p i c a l  
ocean ic  waters. The s u r f a c e  c h l o r o p h y l l  a v a l u e s  averaged 0.117 mg/m3 
whereas t h e  v a l u e  i n t e g r a t e d  through the  water column ( t o  t h e  bottonl of t h e  
eupho t i c  zone) averaged only 19.6 mg/m2. Also, a subsur face  ch lo rophy l l  a 
maximum l a y e r  (CML) was c h a r a c t e r i s t i c  of t h e  a r e a  s tud ied  and t h e  CML w a s  
found deeper i n  summer (69 2 24 m) than  i n  win te r  (54 2 30 m). The 
c h l o r o p h y l l 2  v a l u e  was high below the  eupho t i c  zone and c o n t r i b u t e d  about 
20% of t h e  c h l o r o p h y l l  i n  t h e  water column i n  summer and w i n t e r .  The d a t a  
sugges ted  that t h e  CbfL r e s u l t s  e i t h e r  frcm g r a z i n g  by zoop lank te r s  o r  from 
slower growth of l a r g e r  phytoplankton c e l l s  (F igu res  10 and 11). 



El-Sayed and Taguchi r epor t ed  t h a t  i n  summer the  CML w a s  e i t h e r  i n  t h e  
middle o r  at t h e  bottom of t h e  pycnocline and corresponded t o  about 10% of 
t h e  s u r f a c e  l i g h t  l e v e l  whereas i n  win te r  t h i s  layer occurred a t  e i t h e r  t h e  
t o p  o r  i n  t h e  middle of t h e  pycnocline and corresponded t o  about 20% of t h e  
s u r f a c e  l i g h t  l e v e l .  They found a c l o s e  r e l a t i o n s h i p  between t h e  depth of 
t h e  CML and the  n u t r i c l i n e ,  p a r t i c u l a r l y  t h a t  of n i t r a t e .  Below t h e  
maximum, t h e r e  was a gene ra l  d e c l i n e  i n  t h e  concen t r a t ion  of ch lo rophy l l .  

1.2 Primary product ion  l e v e l s  

The p h o t i c  zone o f f  Keahole extends t o  about 125 m. P r i m a r y  
p r o d u c t i v i t y  r a t e s  were somewhat h ighe r  i n  shallow l e v e l s  bu t  s u r p r i s i n g l y  
uniform throughout t he  pho t i c  zone (Noda e t  a l .  1980, F igure  1 2 ) .  The 
s i g n i f i c a n t  f e a t u r e  of the  d a t a  was t h e  wide v a r i a t i o n  among the  s i x  
c r u i s e s .  Covariance a n a l y s i s  gave a s t a t i s t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n .  
The average dep th - in t eg ra t ed  phaeopigment va lues  and the  dep th - in t eg ra t ed  
primary p r o d u c t i v i t y  va lue  were s i g n i f i c a n t l y  c o r r e l z t e d  ( r  = 0.92; 
d . f .  = 4 ;  P < 0.01) whereas the  depth- in tegra ted  ch lo rophy l l  and t h e  
i n t e g r a t e d  p r imary  productivi . ty va lues  showed no s i g n i f i c a n t  c o r r e l a t i o n .  
Noda e t  a l .  concluded t h a t  t h e  input  r a t e  of regenera ted  n u t r i e n t s  has  a 
s t r o n g  p o s i t i v e  e f f e c t  on the  r a t e s  of primary production o f f  Keahole. 
T o t a l  p r i n a r y  p r o d u c t i v i t y  over s i x  c r u i s e s  ranged from 0.72 t o  18.70 
mgC/m2/h o r  8.Oh-224.40 egC/m2/day. 
12.04 t o  101 .ll gC/m*/yr. 
r a t e s  i s  a t y p i c a l  f e a t u r e  of t h e  Keahole Poin t  marine environment. 

Annual. primary product ion  v a r i e d  from 
Wide n a t u r a l  v a r i a t i o n  i n  p r i m a r y  p r o d u c t i v i t y  

Compared w i t h  o t h e r  ne t  primary p r o d u c t i v i t y  v a l u e s  ob ta ined  f r o n  
d i f f e r e n t  a r e a s  of t h e  wor ld ' s  ocean, t h e  a rea  o f f  Keahole i s  sometimes as 
p roduc t ive  as t h e  Sargasso  Sea, which h a s  a ne t  primary product ion  of 7C- 
145 C / m 2 / y r ,  bu t  f a r  less p roduc t ive  than  t h e  Gulf of Guinea (365 

r a t e  of primary product ion  i n  oceanic  wa te r s  has been e s t ima ted  b Riley 
gC/m 9 / y r )  and Long I s l a n d  Sound (190 gC/m2/yr) (Dunbar 1975). The normal 

(1970) t o  va ry  from 50 t o  150 gC/m2/yr (150 t o  300 g dry  weight/m s / y r ) .  

Primary p r o d u c t i v i t y  i n  t h e  DOMES a r e a  w 8 s  gene ra l ly  Icw (El-Sayed and 
Taguchi 1979). These  r e s u l t s  agreed q u i t e  we l l  w i th  those  of o t h e r  s t u d i e s  
i n  t h e  same o r  ad jacen t  a rea .  P r imary  product ion  va lues  a t  t h e  s u r f a c e  i n  
summer averaged 1.5 mgC/m3/day whereas i n  w i n t e r  i t  reached 2.7 mgC/m3/day. 
The d a i l y  primary product ion  i n  t h e  euphot ic  zone was 120 ngC/m2/day i n  
summer and 144 mgC/m*/day i n  win te r .  Maximum primary product ion  was a t  50% 
of the  s u r f a c e  l i g h t  l e v e l  i n  t h e  summer but was found a t  o r  near t h e  su r -  
f a c e  i n  win te r .  In  summer and w i n t e r ,  nannoplankton ((20 um) c o n t r i b u t i o n  
t o  primary product ion  averaged 77%. Nannoplankton c o n t r i b u t i o n  t o  t o t a l  
primary product ion  w a s  lower i n  w i n t e r  (about  63%) than i n  summer (83.3%). 
Phytoplankton product ion  below t h e  euphot ic  zone, a t  an average depth  of 
104 m, con t r ibu ted  about 5% of the  t o t a l  p roduct ion  i n  the  water column. 
Unlike t h e  phytoplankton s t and ing  crop ,  primary product ion  w a s  not 
c o n t r o l l e d  by the  depth  of t h e  mixed l a y e r .  

El-Sayed and Taguchi (1979) also found s i g n i f i c a n t  s p a t i a l  and  
seasona l  v a r i a t i o n  i n  t h e  phytoplankton s t and ing  crop  and primary 
product ion .  They concluded t h a t  whereas t h e  phytoplankton s t a n d i n g  crop i s  
l i k e l y  t o  be c o n t r o l l e d  by the  depth of t h e  mixed l a y e r ,  primary product ion  
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was independent of it .  Phytoplankton and zooplankton da ta  suggested t h a t  
t h e  DOMES a r e a  i s  a t  a near  s t eady  s t a t e  f o r  an i n t e r v a l  of a few days. 
This  i n d i c a t e d  t h a t  t h e  f eed ing  of t h e  zooplankton on phytoplankton 
appa ren t ly  balanced product ion  by phytoplankton. 

1 .3  Compensation depth 

The number of quanta r e q u i r e d  f o r  t h e  e v o l u t i o n  of one molecule of - 
oxygen by green  p l a n t s  has  been shown t o  va ry  from 3 t o  10 quanta /02  ( F o r t i  
1966).  The wide v a r i a t i o n  i n  t h e s e  measurements r e s u l t s  from not only 
d i f f i c u l t y  i n  t h e  exper imenta l  methodology but a l s o  because r e s p i r a t i o n  c 

G C C U r S  s imul taneous ly  wi th  photosynthes is .  Under cond i t ions  of l i g h t  
s a t u r a t i o n ,  t h e  ra te  of pho tosyn thes i s  i s  up t o  20 times h ighe r  than t h e  
ra te  of r e s p i r a t i o n ;  however, a t  lower l i g h t  i n t e n s i t y  deeper  i n  t h e  water 
column, a dep th  i s  reached where l i g h t  i n t e n s i t y  i s  j u s t  s u f f i c i e n t  t o  
b r i n g  about a ba lance  between t h e  oxygen produced through pho tosyn thes i s  
and t h a t  consumed through r e s p i r a t i o n .  The depth  a t  which t h i s  ba lance  
occur s  i s  c a l l e d  t h e  compensation depth.  

The compensation depth i n  ocean ecosystem is ,  t h e r e f o r e ,  t h e  d i v i s i o n  
between an  upper eupho t i c  o r  trophogenic zone where primary product ion  i s  
p o s s i b l e ,  and a lower zone where b i o l o g i c a l  a c t i v i t y  i s  conf ined  t o  
consumption of imported energy (Westlake 1966). During h igh ly  p roduc t ive  
pe r iods ,  t h e  compensation depth i s  approximately t h e  same a s  t h e  depth  of 
t h e  mixed l a y e r .  The e f f e c t i v e  biomass of primary producers i n c l u d e s  t h e  
popu la t ions  above and below t h e  thermocline.  I f  t he  compensation depth i s  
above t h e  thermocl ine ,  phytoplankton may sometimes be near t h e  s u r f a c e  and 
a r e  capab le  of p o s i t i v e  n e t  pho tosyn thes i s ;  however, a t  g r e a t e r  depth ,  they  
can only r e s p i r e  but be s t i l l  a v a i l a b l e  a s  a food source.  I n  such a 
s i t u a t i o n ,  t h e  g r o s s  p r o d u c t i v i t y  per  u n i t  a r e a  w i l l  r?ot be a f f e c t e d ,  but 
n e t  p r o d u c t i v i t y  w i l l  be reduced because of t h e  r e s p i r i n g  popu la t ion  below 
t h e  compensation depth.  
i l l u m i n a t i o n ,  t u r b i d i t y ,  and o t h e r  f a c t o r s .  

Compensation depth can va ry  wi th  season, 

I n c r e a s e s  i n  phytoplankton biomass and a s s i m i l a t i o n  r a t e  can occur 
only  i n  wa te r  l a y e r s  which r e c e i v e  a minimum i l l u m i n a t i o n  of 400 lx 
(Moiseev 1969).  
and phytoplankton pe r i sh .  I n  t h e  s u m e r  cornpensation dep th ,  has been 
es t ima ted  t o  be less than  50-100 m i n  t h e  North and South P a c i f i c  about 
80-120 m i n  t h e  e q u a t o r i a l  P a c i f i c ,  and about 100-140 m i n  t h e  s u b t r o p i c a l  
r eg ions .  

Below t h i s  l e v e l ,  pho tosyn thes i s  acd p r o l i f e r a t i o n  cease  

Compensation depth can be approximated i n  f i e l d  work a s  t h e  depth at 
which l i g h t  i s  a t t e n u a t e d  t o  1% of the  s u r f a c e  r a d i a t i o n  and can be  
e s t i v a t e d  k i t h  a bathyphotometer or d o u b l i u g  t h e  depth of t h e  Secchi-disk 
v i s i b i l i t y  (Parsons  and Takahashi 1973) .  
t h e r e  i s  no ne t  pho tosyn thes i s .  The p h o t i c  zone was 125 m a t  Keahole Poin t  
and 145 m a t  Kahe P o i n t ,  which i s  c h a r a c t e r i s t i c  of c l ea r -b lue  Ocean wa te r s  
(Noda e t  al .  1980, 1981b). 

Below the  compensation depth ,  
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1.4 Opera t iona l  and pos t -opera t iona l  r e s u l t s  

Base l ine  d a t a  f o r  an open ocean s i t e  a r e  a v a i l a b l e  f o r  t he  o p e r a t i o n a l  
phase of OTEC-1 and t h e  pos t -opera t iona l  phase. Resu l t s  of t h e s e  
s t u d i e s  are summarized i n  t h e  fo l lowing  s e c t i o n .  

To e v a l u a t e  t h e  e f f e c t s  on t h e  environment du r ing  o p e r a t i o n a l  and 
pos t -opera t iona l  phases of an OTEC f a c i l i t y ,  Noda e t  a l .  (1981a) c a r r i e d  
ou t  two s p e c i a l  sampling c r u i s e s  a t  t h e  OTEC-1 s i t e  o f f  Keahole Poin t .  The 
f i r s t  c r u i s e  i n  January  1981 (HOTEC-11) monitored t h e  environment du r ing  
t h e  o p e r a t i o n a l  phase of OTEC-1 and t h e  second c r u i s e  i n  A p r i l  1981 (HOTEC- 
1 2 )  sampled t h e  a r e a  du r ing  t h e  pos t -opera t iona l  phase. 

s i g n i f i c a n t l y  lower than those obta ined  du r ing  t h e  benchmark survey i n  
October 1978-December 1979. Furthermore, t h e  maximum was not only deeper 
than observed p rev ious ly  but also s i g n i f i c a n t l y  deeper a t  t h e  OTEC-1 
p la t form and downstream of t h e  p la t form than a t  t h e  c o n t r o l  s t a t i o n .  The 
dep th - in t eg ra t ed  ch lo rophy l l  v a l u e  a t  t h e  p l a t fo rm was 14% higher  and 65% 
h ighe r  downstream of t h e  p la t form than a t  t h e  c o n t r o l .  

During t h e  o p e r a t i o n a l  phase ch lo rophy l l  maximunl va lues  were 

Noda et a l .  (1981a) a l s o  found t h a t  rraximum phaeopigment 
c o n c e n t r a t i o n s  a t  subsur face  l e v e l s  exceeded v a l u e s  desc r ibed  e a r l i e r  and 
were h ighe r  a t  t h e  p l a t f o m  and downstream than  at t h e  c o n t r o l  s t a t i o n .  
The dep ths  of t h e  phaeopigment maxima were s i g n i f i c a n t l y  deeper at t he  
p l a t fo rm and downstream than they were a t  t h e  c o n t r o l  s t a t i o n  or when 
compared wi th  t h e  benchmark da ta .  Also, s i g n i f i c a n t l y  lower depth- 
i n t e g r a t e d  phaeopigment v a l u e s  were found a t  t h e  p la t form and downstream 
than  a t  the  c o n t r o l .  

V e r t i c a l  p r o f i l e s  of i n  v ivo  f luo rescence ,  measured t o  about 110 m, 
supported t h e  v e r t i c a l  d i s t r i b u t i o n  p a t t e r n  observed i n  t h e  hydrocast  da ta  
and showed an i n c r e a s e  i n  ch lo rophy l l  a t  a shallower depth a t  t h e  c o n t r o l  
s t a t i o n ,  which suggested t h a t  t h e r e  were d i f f e r e n c e s  i n  the  d i s t r i b u t i o n  of 
ch lo rophy l l  a t  t h e  t h r e e  s t a t i o n s .  

Depth-integrated ATP va lues  f e l l  w i t h i n  t h e  range of t h e  h i s t o r i c a l  
da t a  but they were s i g n i f i c a n t l y  h igher  by 64% a t  the  downstream s t a t i o n  
than  a t  t he  c o n t r o l  (Noda e t  a l .  1981a).  These r e s u l t s  were i n  good 
agreement wi th  the  ch lo rophy l l  d a t a  from HOTEC-11. 

Ncda et  a l .  (1981a) compared t h e  r e s u l t s  ob ta ined  from S i t e  1, a 
c o n t r o l  s t a t i o n ,  and S i t e  2 ,  which was r e p r e s e n t a t i v e  of t h e  OTEC-1 
l o c a t i o n ,  and found t h a t  t h e  o v e r a l l  ch lo rophy l l  va lues  showed s i m i l a r  
ranges  and p a t t e r n s  of d i s t r i b u t i o n  i n  the  water  column a t  S i t e s  1 and 2. 
Depth- in tegra ted  c h l o r o p h y l l  a va lues  and dep th - in t eg ra t ed  phaeoyigment 
l e v e l s  were a l s o  ve ry  s h i l a r  and not s i g n i f i c a n t  l y  d i f f e r e n t  between 
si tes.  

The ATP c o n c e n t r a t i o n s  ranged from 3.98 t o  49.79 n g / l i t e r  o v e r a l l  and 
t h e  h i g h e s t  v a l u e  occurred  a t  70 m or j u s t  above t h e  depth  of t h e  
ch lo rophy l l  m a x i m u m  a t  S i t e  1 but not a t  S i t e  2 .  However, because t h e  
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d i s t r i b u t i o n  p a t t e r n  of  ATP wi th  depth  a t  e i t h e r  s i t e  r evea led  t h e  
s y s t e m a t i c  development of a subsur face  maximum, t h e  absence of one i s  
r a t h e r  t y p i c a l  of t he  v e r t i c a l  p a t t e r n  of ATP. 
t h e  mean dep th - in t eg ra t ed  ATP va lues  showed similar l e v e l s  a t  both s i t e s .  

T o t a l  m i c r o b i a l  biomass and 

Primary p r o d u c t i v i t y  l e v e l s  

Of c o n s i d e r a b l e  i n t e r e s t  are t h e  primary p r o d u c t i v i t y  d a t a .  
Pho tosyn the t i c  rates were s i g n i f i c a n t l y  h ighe r  a t  S i t e  2 near  t h e  OTEC-1 
mooring buoy than  at  t h e  c o n t r o l  s t a t i o n  (Noda e t  a l .  1981a).  Depth- 
i n t e g r a t e d  primary product ion  averaged 14.53 2 0.86 m C/m2/h a t  S i t e  1 

The c o e f f i c i e n t s  
of v a r i a t i o n  f o r  t he  two sets of d a t a  were 0.03 and 0.11, r e s p e c t i v e l y ,  
i n d i c a t i n g  good p r e c i s i o n  f o r  t h e  average  e s t i m a t e s  de r ived  f o r  both s i t e s .  

whereas a t  S i t e  2 ,  t h e  average  was 28.66 5 3.14 mgC/m 5 / h .  

Noda e t  a l .  a l s o  compared t h e i r  r e s u l t s  from HOTEC-12 w i t h  those  from 
t h e  benchmark c r u i s e s .  They found t h a t  d a t a  from t h e  c o n t r o l  s t a t i o n  
du r ing  HOTEC-12 f e l l  w i t h i n  t h e  range of primary p r o d u c t i v i t y  r a t e s  from 
t h e  benchmark c r u i s e s  but d a t a  from near  OTEC-1 f e l l  ou t s ide .  S t a t i s t i c a l  
t e s t s  conf inned t h a t  S i t e  2 had s i g n i f i c a n t l y  h igher  primary p r o d u c t i v i t y  
than  was t y p i c a l  f o r  t h e  a r e a .  Phytoplankton biomass ( c h l o r o p h y l l  2) and 
t o t a l  m i c r o b i a l  biomass (ATP), however, showed no s t a t i s t i c a l  d i f f e r e n c e  a t  
S i t e s  1 and 2. Noda e t  a l . ,  t h e r e f o r e ,  concluded t h a t  a l though  primary 
p r o d u c t i v i t y  was s i g n i f i c a n t l y  d i f f e r e n t  between S i tes  1 and 2 ,  and between 
S i t e  2 and t h e  benchmark d a t a ,  it appeared t h a t  t he  changes i n  t h e  r a t e  of 
pho tosyn the t i c  a c t i v i t y ,  r a t h e r  than  d i f f e r e n c e s  i n  the  s t and ing  s tock ,  
were t h e  primary m o t i v a t o r s  f o r  t h e  h ighe r  p r o d u c t i v i t y .  

Vertical d i s t r i b u t i o n s  of c e l l  d e n s i t y  a t  t h e  two si tes dur ing  HOTEC- 
1 2  were d i s s i m i l a r ,  but t h i s  was a t t r i b u t e d  t o  the  n a t u r a l l y  l a r g e  
v a r i a b i l i t y  and t h e  r e s t r i c t e d  number of a n a l y s i s  (Noda e t  a l .  1981a). The 
d a t a ,  however, d i d  provide  a synop t i c  p i c t u r e  of t h e  composition of t h e  
primary t r o p h i c  l e v e l .  Numerically, t h e  c o n c e n t r a t i o n s  were h ighe r  f o r  t h e  
l a r g e  and small c e l l s ,  bu t  Noda et a l .  a t t r i b u t e d  t h e  d i f f e r e n c e s  between 
c r u i s e s  HOTEC-11 and HOTEC-12 t o  sample c o l l e c t i o n  and p r e p a r a t i o n  
procedures  and n o t  t o  a c t u a l  changes i n  s i z e  s t r u c t u r e .  

Compensation dep th  

During t h e  o p e r a t i o n  phase of OTEC-1, t h e  e x t i n c t i o n  c o e f f i c i e n t  f o r  
l i g h t  was 0.0325/m, thus  d e s c r i b i n g  the  f l o o r  of t he  p h o t i c  zone a t  128.5 m 
(Noda e t  a l .  1981a).  
p r o d u c t i v i t y  r a t e s  among t h e  t h r e e  s t a t i o n s  occupied du r ing  HOTEC-11, bu t  
s imi l a r i t i e s  were found between t h e  rates c a l c u l a t e d  from HOTEC-11 and 
those observed dur ing  the  benchmark survey. 

No s i g n i f i c a n t  d i f f e r e n c e  was found i n  t h e  primary 

V e r t i c a l  p r o f i l e s  of i n  v i v o  f l u o r e s c e n s e  were s imilar  a t  both s i tes  
(Noda e t  a l .  1981a). 
r e l a t i v e l y  uniform s i g n a l  from t h e  f luorometer .  Subsurface maxima were 
between 80 and 100 m. 
depth  of 90 m a t  both s i tes ,  showed t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t  was 
-0.0346/m a t  S i t e  1 ,  whereas i t  was -0.030/m a t  S i t e  2. The t i m e -  
i n t e g r a t e d  quantum f l u x  d u r i n g  t h e  incuba t ion  pe r iods  (carbon f i x a t i o n  

Both t r a c e s  showed a s u r f a c e  l a y e r ,  50-60 m t h i c k  of 

V e r t i c a l  p r o f i l e s  of submarine l i g h t ,  made t o  a 
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exper iments )  was 12.0 x 1020 qvanta/cIu2 i n  8.75 b a t  S i t e s  1 whereas i t  V E S  

7.80 x 1020 quanta/crn2 i n  6.5 h a t  S i t e  2. Noda e t  a l .  concluded t h a t  the 
average  l i g h t  f i e l d  on t h e  2 days of sampling was very  s imilar  with only a 
12X d i f f e r e n c e  on a per-hour b a s i s .  

1.5 Plume survey 

Ncda e t  a l .  ( 1 9 8 1 ~ )  c a r r i e d  out  a plume survey u s i n g  t h e  OTEC-1 sys t em 
aboard t h e  t o  ( 1 )  l o c a t e  and map t h e  p h y s i c a l  e x t e n t  of t h e  thermal 
plume, both v e r t i c a l l y  and h o r i z o n t a l l y ,  (2) determine t h e  d i l u t i o n  of t h e  
d i scha rg ing  e f f l u e n t  w i th  ambient water  8 s  a f u n c t i o n  of l o c a t i o n ,  ( 3 )  
measure d i s s o l v e d  oxygen, s a l i n i t y ,  and n u t r i e r i t s ,  and ( 4 )  measure ATP, 
c h l o r o p h y l l  a, phaeopigments, and zooplankton volumes. 

The OTEC-1 system w a s  designed wi th  a mixed-water d i scha rge  1.8 m i n  
d iameter  d i r e c t e d  downward j u s t  below t h e  bottom of t h e  h u l l  a t  a dep th  of 
about 8 m. 
v e l o c i t y  of 3.8 m/sec. 

Discharge r a t e s  were about 9.8 &/win which r e s u l t e d  i n  an e x i t  

Data on s e v e r a l  c h a r a c t e r i s t i c s  of t h e  p1um can be found i n  Noda e t  
a l .  ( 1 9 8 1 ~ ) .  They found t h a t  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e 6  between 
t h e  ch lo rophy l l ,  phaeopigment, and phaeopiguient/chlorophyll (P/C) r a t i o s  i n  
t h e  plume and a t  a c o n t r o l  s t a t i o n  l o c a t e d  a t  a depth  of 25 m. T o t a l  
m i c r o b i a l  biomass (ATP), however, was s i g n i f i c a n t l y  looer  i n  t h e  plume than 
a t  the  c o n t r o l  s t a t i o n ,  and t h e  mean was on ly  61% of tbe  c c n t r o l  mean. 
A n a l y s i s  of d i f f e r e n c e s  i n  pigments a t  each depth showed no s i g n i f i c a n t  
d i f f e r e n c e  between t h e  plume and t h e  c o n t r o l  s t a t i o n .  

Ey ch i -square  a n a l y s i s ,  Noda e t  a l .  ( 1 9 8 1 ~ )  a l s o  demonstrated t h a t  t h e  
frequency of lower ATP and ch lo rophy l l  v a l u e s  i n  t h e  plume a t  v a r i o u s  
dep ths  d i d  not d i f f e r  s i g n i f i c a n t l y  from what would be expected by random 
chance and t h a t  t h e r e  was a s i g n i f i c a n t l y  h igher  frequency of phaeopigment 
and P/C r a t i o s  i n  t h e  plume than  a t  the  c o n t r o l  s t a t i o n .  

2. Community composition 

S p e c i f i c  in format ion  on phytoplankton community composition i s  
a v a i l a b l e  from water samples c o l l e c t e d  du r ing  t h e  DOMES survey. F r y x e l l  e t  
a l .  (1979) c l a s s i f i e d  t h e s e  waters a s  o l i g o t r o p h i c  but r i c h  i n  t h e  number 
of s p e c i e s  p r e s e n t .  

Ocean s p e c i e s  of phytoplankton tend t o  be widely d i s t r i b u t e d .  F r y x e l l  
e t  a l .  observed t h a t  ha l f  of t h e  diatoms and about 57% of t h e  
d i n o f l a g e l l a t e s  found i n  t h e  DOHES a r e a  a l s o  occurred i n  t h e  Mozambique 
Channel as r epor t ed  by Sournia (1970). Semina (1974) l i s t e d  over  1,000 
t axa  of phytoplankton from t h e  P a c i f i c .  Table 3 ,  which shows t h e  number 
of s p e c i e s  found f ro=  o t h e r  s t u d i e s  t o g e t h e r  w i t h  those by Semina (19741, 
i l l u s t r a t e s  t h e  l a r g e  number of t a x e  occur r ing  i r .  t h e  P a c i f i c .  Host are 
involved i n  primary product ion .  

The 10 most abundant t axa  found i n  t h e  DGKES samples by F r y x e l l  et  a l .  
are shown i n  Table 4. The f l a g e l l a t e  and monad grcups are combined and 
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shown as a s i n g l e  ca tegory ;  t h i s  group was by f a r  t h e  most abundant. The 
Gymnodiniaceae included a l l  t h e  d i n o f l a g e l l a t e s  w i th  nonr ig id  thecae t h a t  

round up" when preserved and seve ra l  spec ie s  were most l i k e l y  included.  
"Yellow c e l l s "  i nc lude  r e s t i n g  or  reproducing c e l l s  f u l l  of s t o r a g e  
m a t e r i a l  bu t  w i t h  l i t t l e  morphological d e t a i l s  t h a t  can be used t o  
d i s t i n g u i s h  them: 

I 1  

Among the  coccol i thophores ,  Gephyroca&ss_a l~gz-lsyj (= Loss-oJ-iJ_b_u_s 
-- huxlevi )  was t he  most abundant,  c o n t r i b u t i n g  n e a r l y  60% of the  t o t a l  
cocco l i thophor id  c e l l s  ar,d was a l s o  the  most abundant spec ie s  i n  t h e  
c l i lo rophyl l  3 maxin;um l a y e r .  It w a s  i nc reas ing ly  domjrrant aIcong 
coccol i thophore  spec ie s  a t  a l l  deFths  from about l a t .  3G0N t o  higher  
l a t i t u d e s ;  i n  f a c t ,  i t  was p r a c t i c a l l y  the  only  coccol i thophore  p re sen t  
no r th  of l a t .  40°N t o  s u b a r c t i c  wa te r s  (Okada and Honjo 1973) .  
Gephyrocapsg huxlevi  a l s o  c o n s t i t u t e d  from 25 t o  5GX of t h e  
coccol i thophores  i n  the  zone descr ibed  by Okada and Honjo a s  t h e  

equ a t o r  i a 1 nor t h . It I1 

Species  of phytoplankton t h a t  occurred i n  samples from every s t a t i o n  
inc luded  two diatoms,  t h r e e  taxa of d i n o f l a g e l l a t e s ,  two coccol i thophores ,  
and two u n i d e n t i f i e d  taxa .  Taxa found a t  o r  below the  ch lo rophy l l  a 
naximum layer inc luded  31 diatoms,  19 d i n o f l a g e l l a t e s ,  and 9 
coccol i thophores  ( F r y x e l l  e t  a l .  1979).  

Most of the  spec ie s  t h a t  occurred below t h e  euphot ic  zone were found 
i n  small numbers and F r y x e l l  e t  a l .  regarded them a s  " r a re  spec ie s"  r a t h e r  
than  t r u l y  "shade f l o r a . "  They concluded t h a t  coccol i tbcphores  a r e  an 
important group i n  the  ecosystem of t r o p i c a l  and s u b t r o p i c a l  waters .  They 
occur i n  roughly t h e  same numbers as diatoms and d i n o f l a g e l l a t e s  but most 
are small. 

A t  Keahole, a s u b s t a n t i a l  p ropor t ion  of t h e  phytoplankton biomass 
c c c s i s t e d  of very  smal l -ce l led  organisms, u s u a l l y  l e s s  than 5 pm (Noda e t  
a l .  1 9 8 0 ) .  Because these  organisms a r e  a c h a r a c t e r i s t i c  f e a t u r e  of 
o l i g o t r o p h i c  wa te r s  and p o t e n t i a l l y  restonsive t o  n u t r i e n t  e n r i c h e n t ,  Noda 
e t  a l .  (1981a) conducted d e t a i l e d  a n a l y s i s  of t hese  organisms du r ing  HOTEC- 
11. S i z e  s t r u c t u r e  a n a l y s i s  showed t h a t  most of t he  phytoplankton biomass 
was i n  t h e  ( 5  pm f r a c t i o n .  The f r a c t i o n  of ch lo rophy l l  biomass i n  the  
( 5  urn f r a c t i o n  was s i g n i f i c a n t l y  lower a t  the  downstream s t a t i o n  than  a t  
t h e  con t ro l .  

I n  the  >5 pm f r a c t i o n ,  t h e  t o t a l  c e l l  volume a t  t h e  c o n t r o l  s t a t i o n  
was s i g n i f i c a n t l y  h igher  than t h a t  a t  e i t h e r  t h e  platforni  or downstream. 
Furthermore,  i n  ternis of c e l l  d e n s i t y ,  t he  groups could be ranked i n  o rde r  
of in?portance as: f l a g e l l a t e s ,  d i n o f l a g e l l a t e s ,  cliatoms, coccol i thophores ,  
and i n  ternis of c e l l  volumes, d i n o f l a g e l l a t e s ,  f l a g e l l a t e s ,  diatoms,  
coccol i thophores .  

A t  t h e  gene r i c  and s p e c i f i c  l e v e l s ,  Koda e t  a l .  found t h a t  
d i n o f l a g e l l a t e s  were t h e  l a r g e s t  and most cmsp icuous  e lenent  of t he  
phytoplankton community off Keahole Poin t .  Large spec ie s  such a s  C e r a t i s  
p y ~ ~ & o > j h ~ ,  5. d-e-cJjgxm, _C. t e r e s  , and _C. _s_chx-anbii, were seen i n  almost 
a l l  samples whereas C. f u r e n  and s. &12g> occurred  m l y  occas i cna l ly .  The 

. 
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genera  of d i n o f l a g e l l a t e s  observed inc luded  _o_xY_tst_qx_u_m, _G_o_nvaulax, 
P e r i d i n j g g ,  &hidini_u_m, Orni thec jxsg2  , ~y~~g$~-i~j_u_m, _P_o_d_o_l_a_mp_a_s , 
- Pvrocys tus ,  _Gy_rodinium, and j i n o p h y s i s .  

. .  

Noda e t  a l .  (1981a) a l s o  f r e q u e n t l y  encountered d i n o f l a g e l l a t e  c y s t s  
i n  the  samples. Numerically, small d i n o f l a g e l l a t e s  were important 
i n c l u d i n g  P ro rocen t rug  sp. ,  Peridin-igg s p , ,  Amphidj$jgs sp., G y r o d i n j g  
sp., Gymnodinium sp . ,  and (Ixytoxum sp. Among the  important c e n t r i c  diatoms 
i n  terms of c e l l  volume were Coscinodi2clg&, Rhizosolsz jh ,  & c g ~ o r ~ & a ,  
Hemiau l u s  , Lej&gsy&ndxigs, gJ.lg&Jg i e  1 l a  , and _A_c_i_nt i c u  6 .  
most predominant numerically inc luded  Navicula,  NiN~cj~jh, and Gyrosigm_a. 
Coccol i thophores  inc luded  jiKogkaa_e_r_a _t_u_bifer, which was found i n  n e a r l y  
every  sample, and o t h e r  genera  inc lud ing  Emiliamaj, &ep-hy~g_o_c_ap_s_a, and 
numerous o t h e r s .  F l a g e l l a t e s  i n  t h e  samples were r ep resen ted  by 
Cryptophyceae, Chrysophyceae, Kaptophyceae, and Choanof l age l l a t a .  

Sn!a 11 penna t e s 

Johnson and Horne (1979),  i n  t h e i r  study of phytoplankton ar?d biouiass 
d i s t r i b u t i o n  a t  p o t e n t i a l  OTEC s i tes ,  r e p o r t e d  t h a t  i n  Hawaii t h e  net 
phytoplankton popula t ion  was d i v e r s e  inc lud ing  76 i d e n t i f i e d  s p e c i e s .  I n  
terms of niimerical abundance, fou r  spec ie s  of pennate diatoms predominated 
i n c 1 u d i n g &i~JyJ-i~-s~-lj?g ~ e ~ - i j - e s - r 3 g ~ ~ ~  , N-iJ_z_s_c_h_i_a _c_l_o_s_t~~jgp, Nsv i c u 1 a s p . , 
an u n i d e n t i f i e d  a t h e c a t e  d i n o f l a g e l l a t e s .  

f i l l  s p e c i e s  and groups i d e n t i f i e d  f ron  Hawaiian wa te r s  were ranked 
(Table  5 ) .  

3. Seasonal v a r i a t i o n  

Di f f e rences  i n  phytoplankton q u a n t i t i e s  art '  caused i n  p a r t  by 
d i f f e r e n c e s  i n  t h e  r ep roduc t ive  r a t e  of a l g a e  and i n  the  g r a z i n g  a c t i v i t y  
of zooplankton. Cushing (1981) r e p o r t e d  t h a t  i n  temperate wa te r s ,  t h e  
seasona l  product ion  of a l g a e  may be cons idered  a s  a wave of high a n p l i t u d e  
l a s t i n g  6-12 weeks which l a t e r  subs ides  t o  much lower l e v e l s .  I n  
s u b t r o p i c a l  ar?d t r o p i c a l  seas, however, t h e  s easona l  d i f f e r e n c e s  are much 
l e s s  Fronounced. The excep t ions  are, of course ,  t h e  upwelling a r e a s  where 
c y c l e s  analogous t o  those  i n  temperate s e a s  occur.  

In t h e  DOYIES s tudy  a r e a ,  ch lo rophy l l  2 v a l u e s  averaged 0.063 
mg/nr3 i n  summer a d  0.17 mg/rii3 i n  w in te r  (El-Sayed and Taguchi 1979). 
t h e  eupho t i c  zone, t h e  average v a l u e  was only 9.8 n-&/rn2 i n  t h e  win te r .  
Seasonal v a r i a t i o n s  i n  o t h e r  v a l u e s  were a l s o  found eod t hese  were 
d i scussed  i n  e a r l i e r  s e c t i o n s .  

I n  

El-Sayed and Taguchi a l s o  found t h e  C F Z  a t  n depth of about 10% 
(summer) and 20% ( w i n t e r )  s u r f a c e  l i g h t  l e v e l .  Concent ra t ion  i n  the 
c h l o r o p h y l l  maximun: exceeded s u r f a c e  va lues  by a f a c t o r  of 3.6 2 1.9 in 
summer and by 1.8 L 0.8 i n  win te r .  A t  t h e  CML, t h e  p ropor t ion  of 
c h l o r o p h y l l  2 t o  t o t a l  pigments ( ch lo rophy l l  2 p l u s  phaeopigments) w a s  
lower (0.44 +. 0.06) i n  s u m m e r  than i n  win te r  (0.56 0.13). 
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E. Dif fe rences  a t  I s l a n d  S i tes  

Data c o l l e c t e d  dur ing  surveys conducted a t  Kate Poin t  a r e  u s e f u l  i n  
examining d i f f e r e n c e s  i n  b i o l o g i c a l  parameters between open ocean (Keahole 
and DONES) s i tes  and nearshore  i s l a n d  s i tes .  The Kahe Point  surveys a r e  
p a r t i c u l a r l y  u s e f u l  because not  on ly  has the  s i t e  been s e l e c t e d  f o r  an OTEC 
p i l o t  p l an t  but a l s o  because much of t h c  e n v i r o m e n t a l  surveys wcre 
completed be fo re  the c o n s t r u c t i o n  of Hawaiian E l e c t r i c ' s  G i l - f i r ed  
g e n e r a t i n g  p l an t  a t  Kahe Poin t .  Also, t h e  l o c a t i o n  has been surveyed 
e x t e n s i v e l y  dur ing  the  O'OTEC c r u i s e s  (Noda e t  el. 19Plb;  n'cjda and 
Assoc ia tes  1982).  

1. Kahe Poin t  

I n  a study t o  o b t a i n  b a s e l i n e  d a t a  from wa te r s  o f f  Kahe P o i n t ,  Noda e t  
a l .  (1981b) c a r r i e d  out a shipboard measurenwnt program fron Nay 1980 t o  
May 1981. Eimonthly c r u i s e s  were made t o  t h e  fo l lowing  two O'OTEC 
benchmark s i t e s  o f f  Kahe Po in t :  

0 S i t e  1, a t  l a t .  2lo19.5'fz and long. 158@12.5'W, approximately 
4.9 n m i  west-southwest of Katie Point (F igu re  13) .  

o S i t e  2 ,  about 4.7 mi west-southwest of Ma i l i  Po in t ,  a t  
l a t .  21O23.5" and long. 158O15.5'W. 

Biorna s s --- 
Based on r e s u l t s  of s i x  c r u i s e s ,  Noda e t  a l .  (1981b) r epor t ed  t h a t  i n  

t h e  Kahe  envi ronnent ,  t h e r e  i s  a deep CML which i s  c k s x a c t e r i s t i c  of rr,cny 
o t h e r  oceanic  systems and which r e p r e s e n t s  an important f a c e t  of 
phytoplankton ecology.  I n  time and space,  the  chlc.roFh).ll nlaximua; remained 
about t he  same i n  v e r t i c a l  p o s i t i o n  (86 m) a s  w e l l  2s i n  concen t r a t ion  
(average  = 0.27 y g / l i t e r ) .  This  layer accounted f o r  7 7 %  of the  ch lo rophy l l  
biomass i n  the  p h o t i c  zone. About 60-80% of t h e  c e l l s  were i n  t h e  (3 urn 
s i z e  f r a c t i o n .  Pigment l e v e l s  were l c w  2nd urrifonr dclwrl t o  44 m ,  and 
averaged 19.90 + 2.31 mg ch lo rophy l l  aJm2 and 18.69 +- 5.34 mg 
Fhaeopigments/m' over  t he  year .  
un i formi ty  over  time except  a t  both s t a t i o n s  i n  August 1980 and a t  S t a t i o n  
1 i n  October 1980. 

Pigpent 6 a1 so showed cons ide rab le  

- Pr imary  product  -__---- ion  

The average annual primary product ion f o r  t he  Kahe arer? was 60.4 2 
15.6 gC/ni2/yr, a va lue  s i m i l a r  t o  those f o r  o the r  s u b t r o p i c a l  g y r e  wa te r s  
(Eppley e t  a l .  1973; G i l m a r t i r r  end  Revelontc 1974; Gundersrn E t  a l .  1976; 
Bienfang and Gundersen 1977; Sharp e t  s l .  1910; Bienfang and Szyper 1982). 
The r a t i o  of p r o d u c t i v i t y  t o  biomass, which i s  u s e f u l  a s  a r e l a t i v e  index 
of s p e c i f i c  r a t e s  of photosynthes is ,  showed t h a t  the  c h a r a c t e r i s t i c  f e a t u r e  
of t h e  Kahe s y s t e m  i s  p e r s i s t e n t  n u t r i e n t  l i m i t a t i o n  and t h a t  phytoplankton 
i n  t h e  a r e a  a r e  growing slowly. 
p a t t e r n  t o  t h e  P / B  r a t i o s  which p a r a l l e l e d  t h a t  of photosynthes is .  
l i g h t - s a t u r a t e d  l a y e r ,  they found low P/B  r a t i o s  from )yay t o  December and 

Noda e t  a l .  also observed a temporel 
I n  t h e  
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g e n e r a l l y  h igher  r a t i o s  from January t o  Hay, which suggested a r e l a x a t i o n  
i n  the  degree  of n u t r i e n t  impoverishment. 

The r e s u l t s  a l s o  i n d i c a t e d  t h a t  pho tosyn thes i s  i n  t h e  l i & t t - s a t u r a t e d  
l a y e r  accounted f o r  on ly  30% of the  tc i ta l  productjon. TemForal 
v a r i a b i l i t y ,  accord ing  t o  the  au tho r s ,  w a s  due t o  chafiges i n  t h e  a c t i v i t y  
of popu la t ions  found i n  t h e  l i g h t - l i m i t e d  l aye r .  
s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  between f r a c t i o n  of production t a k i n g  
p l ace  below 44 m and t h a t  i n  t h e  t o t a l  water column (Noda e t  a l .  1981b). 

There was a h ighly  

To determine which of t h e  v a r i o u s  processes  in f luenced  product ion  i n  
t h e  l i g h t - l i m i t e d  l a y e r ,  Noda e t  a l .  examined d i f f e r e n t  v a r i a b l e s  but could 
not i d e n t i f y  any which had a c o n s i s t e n t  s easona l  p a t t e r n  t h a t  would provide  
an exp lana t ion .  They d i d ,  however, f i n d  t h a t  t h e  temporal p a t t e r n  of 
primary p r o d u c t i v i t y  had a gene ra l  correspondence wi th  l o c a l  wind p a t t e r n s ,  
t h a t  i s ,  du r ing  December-April when p r o d u c t i v i t y  was h i g h e s t ,  t he  f requency  
of n o r t h e a s t ,  east, and southeas t  t r a d e s  was lowest.  Primary product ion  
was lowest from May t o  November, s l i g h t l y  h igher  from December through 
March, then  low once aga in  i n  Hay. The coupl ing  between wind a c t i v i t y  and 
ocean c i r c u l a t i o n ,  however, remains undel inea ted .  The c i r c u l a t i o n  o f f  Kahe 
sugges t s  t h a t  upwelling occurs  du r ing  eddy format ion ,  but i t  i s  
i n s u f f i c i e n t  i n  s t r e n g t h  and d u r a t i o n  t o  s i g n i f i c a n t l y  a f f e c t  t h e  sea 
su r face .  It i s  r easonab le  t o  assume, however, t h a t  t h e  lower r eg ions  of 
t h e  pho t i c  zone a r e  a f f e c t e d .  

The c a l c u l a t e d  depth  of t h e  1% l i g h t  l e v e l  o f f  Kake Poin t  ranged from 
142 t o  150 nl and averaged 146 m (Noda e t  e l .  1981b). 
depth  a t  Kahe, t h e r e f o r e ,  i s  not d i s s i m i l a r  from the  resu l t s  obta ined  by 
Gundersen e t  a l .  (19761, who c a l c u l a t e d  t h e  p h o t i c  zone (def ined  accord ing  
t o  t h e  1% l i g h t  l e v e l )  a t  S t a t i o n  B a t  140 m i n  t h e  Kea la ikah ik i  Channel 
(between t h e  I s l a n d s  of Lanai and Kahoolawe a t  l a t .  20°41'N and long. 
156O55'W). 

The coutFeasation 

C o m u n i Q  composition 

Throughout t he  p h o t i c  zone ex tending  down t o  145 m, 65% of t h e  
mic rob ia l  biomass i n  t h e  Kahe environnent i s  r ep resen ted  by o r g a n i s m  i n  
the  53  ym s i z e  f r a c t i o n  (Noda e t  al. 1981b). Takahashi and Bienfang3 
r epor t ed  t h a t  t h e  v e r t i c a l  d i s t r i b u t i o n  of p icoplankton  is no t  i n f luenced  
by s ink ing ,  t hus  r e i n f o r c i n g  i t s  dominance i n  a n u t r i e n t - l i m i t e d  
envi ronvent .  I n  a d d i t i o n ,  t h e  p i cop lank ton ' s  p o t e n t i a l  f o r  anaonium uptake  
a t  low l e v e l s  f a v o r s  i t s  success  i n  a s u b s t r a t e  ( l i g h t  o r  n u t r i e n t )  l i m i t e d  
system. 
ammonium a t  r a t e s  75% f a s t e r  than those  f o r  t he  l a r g e  3-20 urn f r a c t i o n .  
Thus ,  i n  t h e  CML t h e  p icoplankton  can t ake  advantage of h igher  n u t r i e n t  
supp ly  without being s u b j e c t e d  t o  t h e  hazards of s ink ing  and t h e r e f  o r e  , 
being t r a n s p o r t e d  t o  l i g h t - d e f i c i e n t  dep ths  where pho tosyn thes i s  i s  absen t .  

Takahashi and Bienfang found t h a t  t h e  (3 p i  f r a c t i o n  assimilates 

Noda et  a l .  (1981b) suggested t h a t  t h e  dominance of p icoplankton  o f f  
Kahe may be r e l a t e d  t o  t h e  p r e v a i l i n g  n u t r i e n t  f i e l d .  Modest c l iE:a t ic  
f l u c t u a t i o n s  i n  t h e  Kahe a r e a  produces thermal s t r a t i f i c a t i o n  which 
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p e r s i s t s  t hus  r e s t r i c t i n g  v e r t i c a l  input  from deep n u t r i e n t - r i c h  water .  
This  produces an environment d r i v e n  by regenera ted  n u t r i e n t s  and r e s u l t s  i n  
a c o n d i t i o n  c h a r a c t e r i z e d  by numerous, smal l  n u t r i e n t  i n p u t s ,  low ambient 
c o n c e n t r a t i o n s ,  and an importance of reduced forms of n i t rogen .  

Seasonal  v a r i a t i o n s  

Noda et a l .  (1981b) found cons ide rab le  uni formi ty  i n  pigment l e v e l s  
over t i m e  a t  Kahe Po in t ,  bu t  t h e r e  were excep t ions  p a r t i c u l a r l y  when l a r g e  
d ivergences  occurred  a t  both s i tes  dur ing  August 1980 and a t  S i t e  1 i n  
October 1980. The  ATP v a l u e s  were h ighes t  i n  August-January but  d i sp layed  
a r e l a t i v e l y  even p a t t e r n  the  reniaicder of the  year. Pho tosyn the t i c  r a t e s  
showed a c o n s i s t e n t  upward t r end  from low v a l u e s  i n  Eay-November 1980, 
i n c r e a s i n g  l e v e l s  through March 1981 , and s l i g h t l y  lower v a l u e s  t o  May 
1983. Temporal v a r i a t i o n s  were u s u a l l y  s i g n i f i c a n t .  Noda e t  al. concluded 
t h a t  a l though pho tosyn the t i c  r t i t e s  showed a s i g n i f i c a n t  i nc rease  du r ing  the  
second ha l f  of the  survey per iod ,  the  bionlass parameters showed l i t t l e  
r e g u l a r i t y  and un l ike  the  pho tosyn the t i c  r a t e  no s i g n i f i c a n t  changes 
occurred.  They r epor t ed  t h a t  i t  was not c l e a r  whether any e c o l o g i c a l  
s i g n i f i c a n c e  can be a t t ached  t o  temporal v a r i a b i l i t y  of t h e  biomass 
p a r  ame t e r  . 

Because two s c a l e s  of s p a t i a l  v a r i a b i l i t y  occurred  du r ing  t h e  Kahe 
survey,  each was zddressed by Noda e t  a l .  (1981b). Cast- to-cast  
d i f f e r e n c e s  were exmined  f o r  su!alI-scale s p a t i a l  v a r i a b i l i t y  a r i s i n g  from 
the  s h i p ' s  d r i f t  du r ing  sampling; t h e  average d i s t a n c e  between hydrocas ts  
w a s  0.9 km. S t a t i o n - t o - s t a t i o n  d i f f e r e n c e s  were t e m e d  l a rge - sca l e  s p a t i a l  
v a r i a b i l i t y  and r ep resen ted  an average of  9 km on t h e  h o r i z o n t a l  s c a l e .  

The resu l t s  c l e a r l y  i n d i c a t e d  t h a t  l e rge - sca l e  s p a t i a l  d i f f e r e n c e s  i n  
biomass parameters  were not g r e a t .  Noda e t  a l .  noted tka t  a l though 
comparison of time-averaged v a l u e s  of t he  v a r i o u s  parameters  may i n d i c a t e  
s t a t i o n - t o - s t a t i o n  d i f f e r e n c e s  s i n c e  v a l u e s  a t  one s t a t i o n  may exceed those  
a t  t he  o t h e r  r a t h e r  c o n s i s t e n t l y ,  t h e  d i f f e r e n c e s  between t h e  means were 
not s i g n i f i c a n t  . 

I n  nea r ly  a l l  t he  comparisons f o r  photosynthes is ,  however, Noda e t  a l .  
found t h a t  t h e  S t a t i o n  2 mean was h igher  than t h a t  f o r  S t a t i o n  11 and t h e  
a b s o l u t e  d i f f e r e n c e  averaged 5.26 mgC/m2/h over t he  year  of t h e  s tudy.  
T h i s  t r a n s l a t e d  i n t o  47% higher  photosynthe t ic  r a t e  a t  S t a t i o n  2. Thus, 
a l though a b s o l u t e  va lues  of t he  s t a t i o n - t o - s t a t i o n  d i f f e r e n c e s  were not 
l a r g e  i n  comparison wi th  temporal v a r i a t i c n s  observed e a r l i e r ,  the  a b i l i t y  
t o  measure d i f f e r e n c e s  between s t a t i o n  may prove u s e f u l  i n  f u t u r e  
moni tor ing  p r o g r m s  which a s s e s s  the  a r e a l  e x t e n t  of impact t o  b i o l o g i c a l  
p r o d u c t i v i t y  r e s u l t i n g  from the  o p e r a t i o n  of an QTEC p l a n t  a t  Kahe. Noda 
e t  a l .  concluded t h a t  because l a rge - sca l e  s p a t i a l  d i f f e r e n c e s  were not 
pronounced, sma l l - sca l e  d i f f e r e n c e s  were even l e s s  ircportant.  

From the  b a s e l i n e  da t a  c o l l e c t e d  f o r  the  Kahe environment, Noda e t  a ] .  
(1981b) c a l c u l a t e d  the  n a t u r a l  range of phytoplankton d e n s i t y ,  expressed as 
the  95% conf idence  l i m i t s  f o r  t he  dep th - in t eg ra t ed  da ta  (Table  6 ) .  Also,  
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based on the  given a n a l y t i c a l  c a p a b i l i t y  and observed temporal and s p a t i a l  
v a r i a b i l i t i e s  a t  Kahe, they used the  a n a l y s i s  of va r i ance  data t o  determine 
c r i t e r i a  f o r  d e t e c t i n g  s i g n i f i c a n t  environmental  changes. They reasoned 
t h a t  the  d e t e c t i o n  of s i g n i f i c a n t  d i f f e r e n c e s  between two measurements 
depends on p r e c i s e  measurements of t h e  l e v e l  below i t ;  f o r  example, 
a n a l y t i c a l  p r e c i s i o n  depends on p r e c i s e  measurements t o  d e t e c t  any 
subsample v a r i a t i o n .  Table  7 g ives  t h e  c r i t e r i a  f o r  d e t e c t i n g  s i g n i f i c a n t  
( P  0.05) d i f f e r e n c e s  f o r  each parameter and f o r  each l e v e l  tinder 
examination. 

2. D i f f e rences  between the  Keahole and Kahe environments 

Noda et  a l .  (1981b) compared the  two o l i g o t r o p h i c  Hawaiian ecosystems 
surveyed du r ing  t h e  HOTEC and O'OTEC programs. Table  8 g ives  t h e  va lues  of 
t he  phytoplankton parameters o f f  Keahole and Kahe P o i n t s ;  Table 9 
summarizes t h e  conclus ions  drawn by Noda e t  a l .  wi th  respec t  t o  t h e  va r ious  
parameters compared. 

Noda e t  a l .  suggested t h a t  d i f f e r e n c e s  i n  the  n a t u r e  and magnitude of 
temporal v a r i a t i o n s  between t h e  Kahe and Keahole environnicnts may be 
r e l a t e d  t o  the  phys ica l  environments. The Keahole system, which i s  

ad jacen t  t o  the  deep Alenuihaha Channel over which wind s t r e n g t h  inc reases  
due t o  t h e  Ventur i  e f f e c t s  caused by high mountain&, i s  exposed t c  la rge ,  
r a p i d  f l u c t u a t i o n s  i n  wind f o r c e ,  wave h e i g h t ,  acd water  movement.. 
V a r i a b i l i t y  i n  these  processes  is thought t o  prcjduce the  complex b i o l o g i c a l  
systems t h a t  were observed i n  t h e  environment. In c o n t r a s t ,  Kahe is 
exposed t o  less i n t e n s e  winds t h a t  blow over the  Kauai Channel. Because 
wind i n t e n s i t y  i s  a s s o c i a t e d  wi th  divergence 'and upwell ing,  i t  i s  
reasonable  t o  expect t h a t  t hese  processes  are l e s s  i n t e n s e  o f f  Kahe than 
o f f  Keahole. The i s o l a t i o n  of t h e  Kahe system f r m  severe  weather  and 
in t ense  wave a c t i o n  r e s u l t s  i n  less v a r i a b i l i t y  of t h e  phys ica l  components 
and more g radua l  and sys t ema t i c  temporal c y c l e s  i n  the  b i o l o g i c a l  
components. 

3. Response of phytoplankton t o  n u t r i e n t  enrichment 

In s u b t r o p i c a l  r eg ions  where thermal s t r a t i f i c a t i o n  r e s u l t s  from the  
absence of pron@unced seasonal  c l i m a t i c  v a r i a t i o n ,  t h e  nut r ien t -poor  
s u r f a c e  waters are i s o l a t e d  from the  n u t r i e n t - r i c h  deep waters. 

Two processes  govern the  p roduc t iv i ty  of t h e  ecosystem i n  t h e  mixed 
layer-- the a v a i l a b i l i t y  of i no rgan ic  n u t r i e n t s  such a s  n i t r a t e s  and 
phosphates and t h e  a v a i l a b i l i t y  of l i g h t .  With i n c r e a s i n g  depth ,  l i g h t  
i n t e n s i t y  dec reases  l o g a r i t h ~ n i c e l l y  t o  about 1% of the s u r f a c e  i n t e n s i t y .  
The r e l a t i v e  a v a i l a b i l i t y  of l i g h t  and n u t r i e n t s  c r e a t e s  a t r a n s i t j o r l  from 
t h e  nu t r ien t -poor  s u r f a c e  l a y e r  t o  the  l i gh t - l imi t ed  deep l aye r .  
t r a n s i t i o n  zone, l i g h t  energy i s  too  l c w  f o r  phytoplankton t o  occur  
(Yentsch 1966). 

Below the 

The amount of l i g h t  i n  the  euphot ic  zone i s  d i c t a t e d  by geography, 
season,  t h e  of day,  the  s u r f a c e ,  and the  t ransparency  of s e a  water  
(Ymtsch  1966) .  Light  p e n e t r a t i o n  i s  r e d u c e d  i f  the oceafi s u r f a c e  i s  
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d i s t u r b e d  by wind a c t i o n .  Likewise,  water t ransparency  i s  reduced by t h e  
i n t r o d u c t i o n  of i no rgan ic  and o rgan ic  suspended p a r t i c l e s .  Water i t s e l f  
can modify t h e  wave l eng ths  which p e n e t r a t e  i t .  

Because OTEC in t roduces  l a r g e  q u a n t i t i e s  of n u t r i e n t - r i c h  deep wa te r  
i n t o  a nu t r i en t -poor  s u r f a c e  l a y e r  a t  a r ap id  ra te ,  u n l i k e  n a t u r a l  oceanic  
and c o a s t a l  upwellings which are d i f f u s e  and s lower ,  i t  i s  expected t h a t  
b i o s t i m u l a t i o n  of phytoplankton w i l l  occur i n  t h e  a f f e c t e d  areas. For 
example, water  drawn from 910 m w i l l  be high i n  n i t r a t e s  and phosphates but  
low i n  oxygen and pH i n d i c a t i n g  e l e v a t e d  inorganic  carbon concen t r a t ions  
([Hawaii .  1 Department of Planning and Economic Development (DPED) 1980). 
When t h i s  deep water  is  f i n a l l y  d ischarged  a s  e f f l u e n t  i n t o  t h e  normally 
n u t r i e n t  poor s u r f a c e  wa te r ,  b i o s t i m u l a t i o n  should i n c r e a s e  the  r a t e  of 
primary product ion  s e v e r a l  f o l d ,  provided t h a t  t h e r e  i s  s u f f i c i e n t  time f o r  
s u b s t a n t i a l  pho tosyn thes i s  t o  occur be fo re  t h e  e f f l u e n t  s i n k s  t o  a dep th  
where the  sur rounding  water i s  of t h e  same d e n s i t y .  

A t  s i t e s  approximately 1 2  mi northwest of Keahole Poin t  and a l s o  
6 nmi west of Kahe P o i n t ,  Bienfang and Szyper (1982) performed n u t r i e n t  
enrichment experiments on water c o l l e c t e d  from n i n e  t a r g e t  depths--2, 10 ,  
30,  50, 70,  90 ,  110 ,  130, and 150 m. Thei r  ana lys i s  demonstrated t h a t  
deep-water enrichment produced immediate b i o s t i m u l a t i o n  of phytoplankton 
a c t i v i t y ,  and t h e  degree  of response was dependent on l i g h t  a v a i l a b i l i t y  
wi th  depth .  The d a t a  a l s o  i n d i c a t e d  t h a t  i n  the  p h o t i c  zone, t h e  a d d i t i v e  
e f f e c t  as a r e s u l t  of deep-water a d d i t i o n  ranged from 1.23 t o  5.47 mgC/m2/h 
r e p r e s e n t i n g  i n c r e a s e s  of 9.3 t o  149.0% over  n a t u r a l  l e v e l s .  

Bienfang and Szyper a l s o  found t h a t  short-term i n c r e a s e s  i n  carbon 
f i x a t i o n  caused by n u t r i e n t  enrichment w i t h i n  the  l i g h t - s a t u r a t e d  l a y e r  
r ep resen ted  an a l l e v i a t i o n  of t h e  s t r o n g l y  n u t r i e n t - l i m i t e d  cond i t ions .  
They concluded t h a t  a l l  t h e  a d d i t i o n a l  n u t r i e n t s  supp l i ed  were probably n o t  
exhausted du r ing  t h e  11 hours of incuba t ion  and a t t r i b u t e d  t h i s  phenomenon, 
t o g e t h e r  w i th  t h e  inhe ren t  response  c a p a b i l i t i e s  of t he  phytoplankton 
popu la t ion ,  as having in f luenced  t h e  degree of b i o s t i m u l a t i o n .  

B ios t imula t ion ,  which was depth  dependent and r e l a t e d  t o  a v a i l a b i l i t y  
of l i g h t ,  was no t  p re sen t  i n  t h e  deepes t  samples c o l l e c t e d  a t  100 m o r  
deeper .  Bienfang and Szyper a t t r i b u t e d  t h i s  l ack  of b i o s t i m u l a t i o n  t o  
ambient n u t r i e n t  c o n c e n t r a t i o n s  i n  t h e  water column which inc reased  below 
90 m ,  thus  making excess  n u t r i e n t s  super f luous .  They a l s o  r e p o r t e d  t h a t  
t h e r e  was a range  of dep ths  i n  which ambient n u t r i e n t s  were low and y e t  
a d d i t i o n  of deep-water n u t r i e n t s  d i d  not  induce b i o s t i m u l a t i o n .  These 
dep ths  are below those  of KL l i g h t  l e v e l s ,  but w e l l  above t h e  dep ths  where 
ambient n u t r i e n t s  began t o  i n c r e a s e  (Table 10 ) .  

Low ambient n u t r i e n t  l e v e l  i n  the  t r a n s i t i o n  zone, where t h e  upper 
l i m i t s  ranged between 24 and 61 m and lower l i m i t  was around 90 m, 
i n d i c a t e s  phytoplankton uptake p a r a l l e l i n g  t h e  r a t e s  of n u t r i e n t  supply 
(Bienfang and Szyper 1982). This  suggested t h a t ,  t o g e t h e r  w i t h  t h e  low P/B 
r a t i o s ,  pho tosyn thes i s  i n  t h i s  l ayer  w a s  l i m i t e d ,  a t  l e a s t  p a r t l y ,  by 
n u t r i e n t  a v a i l a b i l i t y .  Furthermore,  l a c k  of response  t o  deepwater n u t r i e n t  
a d d i t  i on  sugges ted  t h a t  l i g h t  a v a i l a b i l i t y  a l s o  inf luenced  pho tosyn thes i s  
i n  t h i s  zone. 
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Eviden t ly ,  in format ion  on t h e  lower r eg ion  of t h e  t r a n s i t i o n  zone i s  
c r i t i c a l  t o  t h e  unders tanding  of oceanic  phytoplankton dynamics. Despi te  
l i g h t  l i m i t a t i o n s  a t  t h i s  dep th ,  t h e  p l a n t  c e l l s  appa ren t ly  u t i l i z e  t h e  
a v a i l a b l e  l i g h t  r a t h e r  e f f i c i e n t l y  thus  a t t a i n i n g  more than 60% of t h e  
t h e o r e t i c a l  maximum quantum y i e l d  i n  carbon f i x a t i o n  i n  the  CML. The 
maximum a b s o l u t e  carbon f i x a t i o n  r a t e  was a t  a depth  of 70 m i n  oceanic  
waters o f f  Oahu (Bienfang and Gundersen 1977).  
found no i n d i c a t i o n  of a pho tosyn the t i c  maxima a t  e i t h e r  t h e  Keahole o r  
Kahe Po in t  sampling s i tes ;  however, they d i d  f i n d  t h a t  t h e  depth  of t h e  CML 
o f f  Keahole Poin t  was 85 2 9 m which corresponded roughly t o  the  bottom of 
t h e  t r a n s i t i o n  zone. Because ambient n u t r i e n t  concen t r a t ions  were 
c o n s i s t e n t l y  low where t h e s e  ch lo rophy l l  maxima occurred ,  they concluded 
t h a t  t h i s  was an i n d i c a t i o n  of a c t i v e  metabolism by t h e  phytoplankton. 

Bienfang and Szyper (1982) 

F i n a l l y ,  Bienfang and Szyper (1982) r epor t ed  t h a t  t he  mixture  of 
s u r f a c e  and deep water d ischarged  by OTEC f a c i l i t i e s  w i l l  spread  from t h e  
s i t e  a t  depths  having s i m i l a r  d e n s i t i e s  and t h a t  t hese  depths  w i l l  be i n  he 
t r a n s i t i o n  zone. L i t t l e  immediate b i o s t i m u l a t i o n  w i l l  r e s u l t  i n  a r e a s  
where t h e  d i scha rge  mixes w i t h  oceanic  wa te r s  and becomes d i l u t e d .  

111. ZOOPLANKTON 

Animals comprising t h e  zooplankton inc lude  many of t h e  pas s ive ly  
f l o a t i n g  o r  weakly swimming h e t e r o t r o p h i c  organisms i n  t h e  water column 
such as pro tozoa ,  e s p e c i a l l y  t i n t i n n i d s ,  r a d i o l a r i a n s ,  and f o r a m i n i f e r a ;  
l a r g e  numbers of small c r u s t a c e a n s ,  l i k e  copepods, o s t r a c o d s ,  euphaus i id s ,  
and amphipods; j e l l y f i s h e s ,  siphonophores,  and worms; mol luscs ,  such as 
pteropods and he teropods ;  and eggs and l a r v a e  of numerous ben th ic  and 
nek ton ic  animals (Sverdrup e t  a l .  1946). For convenience, zooplankton can 
be f u r t h e r  d iv ided  i n t o  microzooplankton, macrozooplankton, and 
ichthyoplankton. Microzooplankton, which inc ludes  organisms such as 
n a u p l i a r  and copepodid s t a g e s  of copepods, c i l i a t e  and sa rcod ine  
pro tozoans ,  and l a rvaceans ,  pass  through t h e  2 0 2 - p ~  mesh f r a c t i o n  of 
f i l t r a t i o n  n e t t i n g .  Macrozooplankton, which i s  dominated by copepods and 
chae tognaths  but superimposed i n  s u r f a c e  waters  by eggs and l a r v a e  of many 
nearshore  i n v e r t e b r a t e s  and f i s h ,  a r e  r e t a i n e d  i n  a 2 0 2 - p  mesh n e t  
( S u l l i v a n  e t  a l .  19811. 
microzooplankton and macrozooplankton. The ich thyoplankton  w i l l  be 
addressed  i n  a l a te r  s e c t i o n  of t h i s  r e p o r t .  

The fo l lowing  s e c t i o n  w i l l  d i s c u s s  only t h e  

A. Open-Ocean S i t e s  

Resu l t s  of zooplankton s t u d i e s  conducted du r ing  HOTEC-1 through 
HOTEC-6 (Noda e t  a l .  19801, HOTEC-11 and HOTEC-12 (Noda e t  a l .  1981a1, a 
plume survey (Noda et  a l .  1 9 8 1 ~ 1 ,  and t h e  DOMES survey (Hi ro ta  1977) have 
been reviewed and are d i scussed  i n  the  s e c t i o n  t h a t  fo l lows .  

1. Biomass and composition--mixed l a y e r  

During HOTEC c r u i s e s  1 through 4 ,  because of a l imi t ed  sampling 
program, Noda e t  a l .  (19801 made only g e n e r a l  obse rva t ions  on t h e  
zooplankton popula t ion  o f f  Keahole. B r i e f l y ,  they found t h a t  ca l ano id  
copepods, by f a r  t h e  most abundant taxonomic group numer ica l ly ,  included 
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many s p e c i e s  t h a t  appeared t o  make ex tens ive  d i e l  v e r t i c e l  n i g r a t i o n s .  
Moda e t  a l .  a l s o  noted s i g n i f i c a n t  st?aL.Cnal changes i n  t h e  biomass which 
were not  c o r r e l a t e d  w i t h  any of t h e  p a r m e t e r s  examined. 

On HOTGC-11 and HOTEC-12, t h e r e  were no s i g n i f i c a n t  d i f f e r e c c e s  i n  t h e  
dry weight of zooplankton f o r  each depth bctween crii j  sc’s o r  among btut ior is  
(Noda e t  a l .  1981a) .  Like t h e  O’OTEC biomass d a t s ,  dry weight decreased 
from the  s u r f a c e  t o  the  deeF s t r a t a  and %\EL hjg:her a t  n igh t .  

There were also no s i g n i f i c a n t  d i f f e r e n c e s  a t  any depth  between IIOTEC 
and O’OTEC dry  weight biomass d a t a .  HOTEC-11 and ROTEC-12 d a t a  were a l s o  
compared wi th  those  from HOTEC-1 through HOTEC-6. Measurement s of biomass 
were not s i g n i f i c a n t l y  d i f f e r e n t .  

During t h e  p l m e  survey,  Koda e t  al. ( 1 9 8 1 ~ )  c o l l e c t e d  f o u r  sarrples 
each front w i t h i n  and out of t h e  plume ( c o n t r o l ) .  Copepods c o l l e c t e d  i n  a 
500-pm mesh n e t  and s t a i n e d  w i t h  Neutral  Red were cons idered  a l i v e  i f  t h e  
s t a i n  was v i s i b l e  i n  any p a r t  of t h e i r  bodies .  

Using a minimun! sample s i z e  of 200 copepods, and a l l  specimens i n  
samples o f  _E_u_c_h_a_e_ta marina,  ~eQ_c_a_l_a_n_u_s _r_qb_ust i o r ,  and Q z y c a e u s  sp., Noda 
e t  a l .  found t h a t  m o r t a l i t i e s  i n  t h e  c o n t r o l  ranged from 1.1 t o  7.5% 
whereas those  i n  the  plume samples ranged Eetween 0.5 and 21.6%. 
S t a t i s t i c a l  t es t s  i n d i c a t e d  t h a t  t h e r e  was a s i g n i f i c a n t l y  h ighe r  m o r t a l i t y  
i n  t h e  plume but no d i f f e r e n c e s  among the  spec ie s .  

Estimates of t h e  m o r t a l i t i e s  i n  each plume sample due s o l e l y  t o  OTEC-1 
o p e r a t i o n  were obta ined  by s u b t r a c t i n g  the  wean m o r t a l i t y  i n  t h e  c o n t r o l  
samples from t h a t  i n  t h e  plume. Mul t ip ly ing  t h e  ne t  m o r t a l i t y  percentages  
by the  d i l u t i o n  of t h e  plume s s s e s s e d  from f luoroxwtcr  t r a c e s ,  Noda e t  a l .  
( 1 9 8 1 ~ )  e s t ima ted  t h a t  t h e  mean m o r t a l i t y  r a t e  of animals  i n  t h e  wann-water 
i n t a k e  of t he  p l a n t  was 100% of e n t r a i n e d  animals. 

In  t h e  a n a l y s i s  of zooplankton abundance and biomass, Moda e t  a l .  
( 1 9 8 1 ~ )  a g a i n  used f o u r  samples each fronl w i t h i n  and o u t s i d e  the  p lume .  
The r e s u l t s  showed t h a t  t h e  in-plume samples had s i g n i f i c a n t l y  lower 
biomass, bo th  i n  dry  weight  and ash- f ree  dry  weight ,  but s i g n i f i c a n t l y  
h ighe r  percentage  of a sh  than t h e  c o n t r o l s  (Table  1 1 ) .  

Noda e t  a l .  could riot determine whether t h e  d i f f e r e n c e s  i n  biomass 
were caused by the  plume d i scha rge ,  by t h e  presence of t h e  OTEC-1 p l a t fo rm 
i t s e l f ,  o r  by pa tch iness .  They suggested t h a t  t he  d i f f e r e n c e s  i n  
percentage  of ash may have been t h e  r e s u l t  of e i t h e r  t h e  d i scha rge  
o p e r a t i o n  o r  t ke  presence of t he  platform.  C u a n t i t a t i v e l y ,  t he  p l u m  
samples d i f f e r e d  from the  c o n t r o l  i n  t h a t  t h e  former contriined a grea t  des1  
of d e t r i t u s  and microorganisms bound i n  a m t r i x  of IIIUCOUS, t he  source of 
which w a s  unknown, as we l l  as  numerous hydroids  and bryozoans which 
c r i g i n s t e d  from t h e  h u l l  of t h e  v e s s e l .  

Zooplankton counts  from in-plume and OUt-plUie sanp le s  showed l i t t l e  
v a r i a t i o n  except  azong t h e  most couilcjn copepods, the c a l a n o i d s ,  u h j  cC were 
s i g n i f i c a n t l y  more abundant o u t s i d e  t h e  plume than w i t h i n  i t .  
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Noda e t  a l .  
and HOTEC-12 was 
mg/m3. AI though 

noted  t h a t  biomass i n  t h e  0-200 m s t r a t u m  dur ing  ECTEC-11 
4.90 mg/m3 whereas tha t  f o r  ROTEC cruriws 1-6 was of 3.32 
t h e  nwan f o r  BOTEC-11 and HOTEC-12 was h i g h e r ,  t h e  

d i f f e r e n c e  was n o t  s i g n i f i c a n t .  They s F e r n l e t e d  that  t b e  s l i g h t ] )  h igher  
vE1ce f o r  JiQTEC-11 and EIOTEC-12 may have been t h e  r e s u l t  of d i f f e r e n c e s  i n  
handl ing of t h e  samples. Calanoid copeFods predominated j n  t h e  samples 2nd 
macroplankton counts  showed no clear t r end .  Thus, no e f f e c t  frorr, opexat ica  
of OTEC-1 could be d e t e c t e d  i n  t h e  zooplankton Fopulat ion.  

2.  Changes wi th  depth 

kt Keahole, dry weight of zooplankton decreased from t h e  s u r f a c e  t o  
t h e  d e e p  s t r a t a  acd  were higher  by n i g h t  than  by day i n  shallow tows (Noda 
e t  a l .  1981a).  The t r e n d s  i n  c a t c h e s  by depth a r e  shour. i n  F igure  14. 

Analys is  of v e r t i c a l  d i s t r i b u t i o n  of macrozooplanktori i n  t h e  water 
column from the  DOYIS survey showed t h e  h ighes t  concent ra t ion  i n  t h e  upper 
150 m, both day and n i g h t ,  and moderately high c o n c e n t r a t i o n  between 200 
and 900 IC ( H i r o t a  1977) .  
S i t e  C and a t  e l l  s i t e s  below 800-900 m. 

Concentraticws were u s u a l l y  lcw near 200 n: a t  

Table  1 2  shows t h e  da t a  on s t a n d i n g  s tocks  of macrGzcoplankton 
i n t e g r a t e d  over t h e  upper 1,000 rii. Standing s t o c k s  i n  t h e  u p p e r  200 m 
v a r i e d  from about 50 t o  90% of t h a t  for t h e  upper 1,000 m ( H i r o t a  1977).  

Concerning t h e  microzooplankton i n  t h e  DOMES a r e a ,  H i r o t a  (1977) found 
t h e  fo l lowing  major f e a t u r e s  of ver t ica l  d i s t r i b u t i o n :  

o Tota l  n a u p l i i ,  t i n t i n n i d s ,  and )l-i~~g>-e_e_tella tend t o  be most 
numerous a t  depths  less than 40-60 IC. 

o gncaea abundance reached a nraxinium a t  depths  u s u e l  1y 61 c ~ i t e r  than  
100 m. 

o R a d i o l a r i o  and Foramini fe ra  showed r e l a t i v e l y  sniall depth 
v a r i a t i o n  compared w i t h  v a u p l i i ,  t i n t i n n i d s  , ~ l & c ~ ~ - s g t e l l a ,  arid 
-- Cncaea, and were common a t  a l l  d e p t h s  sampled. 

o There were a t  l e a s t  twofold d i e l  v a r i a t i o n  i n  abundance above 75 n! 
for naupl i i . ,  t i n t i n n i d s ,  and Microse_e_t_e_l_l_a, and deeper than 75 m 
f o r  Oncaea. 

o Nicros-eJ3JJ.g was e i t h e r  absent o r  I cw i n  abundance most 
c o n s i s t e n t l y  a t  depths  below 100 m. 

o The v e r t i c a l  d i s t r i b u t i o n s  of t h e  f i v e  rrajor niicroplankton t a x e  
were no t  c o r r e l a t e d  w i t h  hydrographic o r  a l g a l  abundance; however, 
n a u p l i i ,  t i n t i n n i d s ,  and Microset_e_l_l_a were most l i k e l y  t o  be 
a s s o c i a t e d  wi th  t h e  ch lorophyl l  maximum and d i s c o n t i n u i t y  l a y e r s .  

Hi ro ta  compared numerical  abundances of each of t h e  f i v e  microplankton 
taxa  wi th  those obta ined  fxom around H a b a i i  (Gmdersen e t  a l .  1976) and i n  
t h e  EASTROPAC a r e a  (Beers  and Stewart  1971) and concluded t h a t  t h e  DOKES 
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area c o n c e n t r a t i o n s  were lower than those  i n  EASTROPAC by about twcfold or 
more but overlapped i n  range of  v a l u e s  r e p o r t e d  from o f f  Hawaii. 

3. Seasonal  v a r i a t i o n  

The r e s u l t s  of t h e  Keahole sampling showed t h a t  zcoFlanktor  i n  tke 
o f f s h o r e  envi ronnent  e x h i b i t e d  s i g n i f i c a n t  seasor~a l  changes i n  bicmass 
1 e v c . l ~  (Noda e t  a l .  1980) .  

H i ro t a  (19771, i n  r e p o r t i n g  on t h e  x i t ' u s t m ,  macroplankton, and 
microplankton abundance6 from t h e  DOPIES area,  found d i f f e r e n c e s  between 
years ( seasons )  a t  a l l  t h e  s i t e s  sampled. 

S t u d i e s  on Hewaiian zooplankton c o l l e c t e d  i n  1955-56, showed monthly 
v a r i a t i o n s  i n  zooplankton volcmes and peak voluuies i n  w i n t e r ,  around 
January,  a s p r i n g  peak i n  A p r i l ,  and 6 f u l l  peak i n  Septenlber !Kakmara 
1967).  These results c o n t r a s t  w i th  those of King and Hida (1957) who found 
inc reased  volumes i n  Eiarch-July and lower f u t  v a r i a b l e  volurr-es t h e r e h f t e r .  
Kakamura concluded t h a t  a l though seasonal  volumes appeared t o  be d i f f c r e v t ,  
t h e i r  s i g n i f i c a n c e  was clouded by some evidence o f  bear-to-year v a r i a t i o n s .  
Primary p r o d u c t i v i t y  and zooplankton bionlass i r :  a. o l i g c t r o p h i c  gyre are 
cGt seasona l  tut r a t h e r  r e l a t e d  t o  ckocges Over SCUL Ciffc . rer , t ,  k r r t a p s  
longer  t h e  s c a l e  (McGowan and Eayward 1978). 

4 .  V e r t i c a l  mig ra t ion  

Die l  v e r t i c a l  mig ra t ions  of some spec ie s  of zooplanktcn artd 
micronekton have been s tud ied  ex tens ive ly  and a re  a e l l  known i n  warn, 
t r o p i c a l  wa te r s  (Blackburn 1981) .  I n  areas of deep l i g t t  p e n e t r a t i o n ,  
t hese  acinlals would be expected t o  have a r e l a t i v e l y  l a r g e  v e r t i c a l  range. 
For e x m p l e ,  i n  t h e  P a c i f i c ,  t h e  m e d i m  daytirric depth of t h e  sound 
s c a t t e r i n g  l a y e r  i s  335 m. Virtogiadov (196P) reFor ted  tha t  i n  t h e  subpo la r  
r eg ion ,  t h e  macroplankton occupies  much of t h e  water  column but  d i u r n a l  
mig ra t ions  are weak. I n  t h e  t r o p i c s ,  however, t h e  ulacroplankton 
concen t r a t e s  i n  narrow l a y e r s  and undergo t lxtecsivc d i u r n a l  v e r t i c a l  
rnigrati.cn. O m  consequence of v e r t i c a l  movenent would be the t r a n s f e r  of  
Grganic m a t e r i a l  t o  animals  l j v i r g  a t  p rogres s ive ly  g r e a t e r  deFths.  
Longhurst  (1976) bss s t a t e d  t h a t  no evidence e x i s t s  of mig ra t ion  below 
1,700 u. 

Data frorr. the  EOTEC I-€ c r u i s e s  i r d i c a t e d  t h a t  niilny s p e c i e s  of 
zooplankton o f f  Keahole appeared t o  make ex tens ive  d i e l  v e r t i c a l  
migra t ions .  Nakamura (1967) concluded from h i s  b tud ie s  of zooplankton 
voluuies i n  waters around Oahu, Hakaii ,  t h a t  po lychae tes ,  o s t r a c c d s ,  
ca l ano id  copepods, euphausi idE,  amphipods, pteropods,  and f i s h  l a r v a e  a l l  
e x h i b i t e d  prcnounced d i e l  v a r i a t i m s  i n  abundance. 
Copepoda, genera  such a s  Pleurom_a_ngm, Neoca_l_a_n_u_s, Candasjs,  Undinula,  and 
Euchaeta e x h i b i t e d  t h e  most marked d i e l  v a r i a t i o n  i n  abundance. H a l o p t i l u s  
was absent  fron t h e  upper l a y e r  of water. 

Among the  ca l ano id  

http://rnigrati.cn
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E. D i f f e rences  a t  I s l a n d  S i t e s  

1. Biomass and compositior~--fLixed l a y e r  

There was ar! approximate tenfo ld  d i f f e r e n c e  betbeen biomass c o l l e c t e d  
i n  shal low plankton tows and those f i o n  the 600-1,CCO m depth range o f f  
Kahe (Noda e t  a l .  1981b). I n  the  shallow tows, n igh t - t i ne  b i m a s s  wzs 
twice as g r e a t  as t h a t  found dur ing  the  day. 
cons ide rab le  v a r i a b i l i t y  i n  zooplankton b ionass  among the  c r u i s e s ;  however, 
they concluded t h a t  t h i s  v a r i a b i l i t y  was not r e l a t e d  t o  seasonal  changes. 

Noda e t  a l .  a l s o  found 

Tables  13 t o  18 show t he  zooplankton biomasb d a t a  surruarized f o r  t h e  
s i x  O'OTEC c r u i s e s .  
0.14 mg/m3 t o  a high of 25.00 mg/U13, bath  from c r u i s e  4 i n  January  1981. 
V a r i a b i l i t y  i n  zooplankton biomass was a t t r i b u t e d  t o  s e v e r a l  sources :  
subsampling e r r o r  , v a r i a b i l i t y  between r e p l i c a t e  tows ; d i f f e r e n c e t  between 
s t a t i o n s  and between day and n ight  t ovs ;  and d i f f e r e r ; c e s  among c ru ieec  scd 
among depths .  

The ash- f ree  zooplankton biomass ranged from a low of 

2 .  Changes w i t h  depth 

G f f  Kahe between t h e  su r face  6r.d 25 L, t h e r e  was some ev idc rce  of 
zooplankton patchir iess  i n  the  po r t ion  of t he  popula t ion  t h a t  made d i e l  
migra t ions .  S imi l a r  evidence of day acd n ight  d i f f e r e n c e s  and pa tch iness  
was found i n  the  remaining depth ranges above 1,000 m. A l s o ,  r epea ted  
c r u i s e s  o f f e r e d  b e t t e r  d i sc r imina t ion  of chansee than r e p l i c a t e  s t a t i o n s  o r  
sanples (Noda e t  e l .  1981b). 

Noda e t  a l .  r epor t ed  t h a t  i t  wes not c l e a r  which taxa  of t h e  
zooplankton corrarlunity w i l l  be nos t  a f f e c t e d  by OTEC dep loyren t ;  i t  vas 
necessary ,  t h e r e f o r e ,  t o  undertake a broadbased i n v e s t i g a t i o n  of a l l  the  
taxa  found and t h e i r  abundance. Fur thernore ,  because of tf:e l a r g e  n m b e r  
of spec ie s  involved,  they concluded t h a t  t h e r e  is a Reed for LI t r a d e  of f  
between t h e  number of samples t o  be processed i n  a g i v e n  t i n e  anti the 
number of texa  t o  be i d e n t i f i e d  t o  genus and spec ies .  

For the  O'OTEC i n v e s t i g a t i o n ,  Noda e t  a ] .  i d e n t i f i e d  a11 animals  t o  
c l a s s  except t h a t  t he  more abundant copepods were i d e n t i f i e d  t o  genus when 
p o s s i b l e  and occas iona l ly  t o  spec ie s .  I n  gene ra l ,  most taxa  occurred  
i n f r e q u e n t l y  i n  sll smples .  Most were found more f rcqLent ly  ic shallow 
than deep water  and nany of the  taxa ccmumn i n  shal low weter were absent  or  
r a r e  i n  deep water .  

IC a l l  szmples, copepods made UT- 73-852 of t h e  t o t 2 1  and amorre t h e  
copepods, from 59 t o  66% were ca l ano ids  except  i n  the reus ton  s imples  w t r r e  
ca l ano ids  accounted f o r  38% i n  day  samples and 78% i n  n ight  c o l l e c t ~ o r ~ t . .  
Noda e t  a l .  suggested t h a t  t h i s  except ion w e b  t he  i e s u l t  of aypa-ient 
r eve r se  d i e l  migra t ion  of cyclopoids  of t he  F a l i l y  Corycaeidae i n  and out 
of the  s u r f a c e  l aye r .  

I n  summary, Noda e t  al.. found t h a t  t he  most abundant group o v e r a l l  was 
the  ca lanoid  copepods and among these ,  t he  smell herbivorous c r ~ l a n o i d s  of 
t he  F a n i l i e s  Paraca lan idae  and Pseudocalanidae were t he  predominant groups 
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i n  t h e  s h a l l o b  s t r a t a .  In t h e  deep s t r a t a ,  t h e  ca l anc ids  inc luded  l a r g e ,  
mainly ca rn ivo rous  animals .  

Among t h e  cyc lopoids  which were only second t o  ca l ano ids  i n  abundance, 
t h r e e  groups predominated--Corycaeidae, which were m c i s t  abundant i n  s u r f a c e  
samples and Oithon_a and Oncaea which were dominant i n  t h e  deep samples. 
f i l l  t h r e e  were abundant i n  t h e  0-25 rn samples. 

The p a t t e r n s  of a b s o l u t e  abundance t h a t  emerged from t h e  study were as 
fo l lows :  

o Medusae, gas t ropod l a r v a e ,  f i s h  eggs,  Foramini fe re ,  and Corycaeidae 
were most abundant a t  t he  s u r f a c e ,  decreased  i n  abundance w i t h  
depth ,  and was more abundant at  n igh t  i n  a l l  layers than du r ing  t h e  
day. 

o The abundance of r a d i o l a r i a ,  pelecypod l a r v a e ,  amphipods, 
chae tognaths ,  l a rvacea ,  s a l p s ,  and c o y e p d s ,  such as _A_r_o_c_a_lanus 
spp. I ParacalaKus spp., Clausoc_a_lp> syp .  , EuchaeJ? s p p ~  , 
-- Ha-tilus spp.,  _C_a_ndacia spp.,  _A_r_c_a_tjs gs&liip,ens, and _O_ithova 
spp.,  was a t  a maximum below t h e  su r face .  The abundance of neuston 
and shallow wat.er forms was g r e a t e r  at  n igh t .  

o Ost racods ,  euphaus i i c s ,  and copepods such as Oncaea spp.,  
-- Pleurornamma ---I- sp . ,  and _L_u_cicutia spp. were ncjst abundant 
w e l l  below t h e  s u r f a c e  by day. A t  n igh t  t hese  spec ie s  were much 
more abundant than  they were above 25 m dur ing  the  day. 

3. Seasonal  v a r i a t i o n  

O f f  Kahe, t he  temporal v a r i a b i l i t y  of zooplankton abundance may not be 
seasona l  (Noda e t  a l .  198lb) .  Primary p r o d u c t i v i t y  and zooplankton biomass 
i n  an o l i g o t r o p h i c  gyre are  not  seasonal  b u t  r a t h e r  change over  some 
d i f f e r e n t ,  perhaps longer  t i m e  scale (McGowan and Hayward 1978).  Koda e t  
61. suggested t h a t  t h i s  l ack  of s e a s o n a l i t y  i s  s u f f i c i e n t  r eason  f o r  long 
pre- and post-deployment sampling pe r iods  t o  d e t e c t  long-term v a r i a b i l i t y .  

4. V e r t i c a l  E i g r a t i o n s  

Gff Kahe, organisms such as os t r acods  , euphaus i ids  , and copepods l i k e  
gncaea spp.,  lleurornamma sp., and L u s i c u t i a  ~ p p .  migra ted  v e r t i c s l l y ,  and 
were found between 25 and 200 rn dur ing  the  day (Noda e t  a l .  1981b).  
Medusae, gas t ropod l a r v a e ,  f i s h  eggs,  Foramini fe ra ,  and Corycaeidae were 
n o w m i g r a t i n g  e p i p e l a g i c  animals, and r a d i o l a r i a ,  pelecypod l a r v a e ,  
aIcphipcls , chae tognaths ,  l a rvacea ,  s a l p s ,  and rtunlexc~ti~ copepods such as 
-----__ Acrocalanus spp., ParacalaEu4 spp., Clausocalanus spp., Euchaeta spp.,  
--I H a l o p t i l u s  _ _ _  spp.,  Sandac ia  spp. ,  _Arcatis g s l i n e n s ,  and Qi thona  spp. 
appeared t o  have a v e r t i c a l  mig ra t ion  p a t t e r n .  However, t h e i r  i nc reased  
night- t ime abundance may be i n d i c a t i v e  of n e t  avoidance i n  d a y - t h e  
sampling. The i r  abundance i n  deep, daytime samples was no t  no tab ly  g r e a t e r  
than  t h e i r  night- t ime abundance which sugges t s  t h a t  no upward m i g r r t i o n  was 
occur r ing ;  however, because of t h e  wide depth  ranges used f o r  t h e  s tudy ,  
more d e t a i l e d  o b s e r v a t i c n s  Eire needed. 
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I V .  FISHES 

F i shes  and o t h e r  nekton a r e  expected t o  be a t t r a c t e d  t o  an o f f s h o r e  
OTEC s t r u c t u r e ,  thus  i n c r e a s i n g  t h e i r  concen t r a t ions .  Nektonic organisms 
can ma in ta in  t h e i r  l o c a t i o n  and d i r e c t i o n  by swimming; however, t h e  i n t a k e  
v e l o c i t i e s  of an  OTEC f a c i l i t y  may exceed swimming c a p a b i l i t i e s ,  
p a r t i c u l a r l y  among small s p e c i e s  o r  j u v e n i l e s .  
de te rmining  OTEC entrainment and impingement impacts on nekton , t he  s p e c i e s  
composition and popu la t ion  s i z e  of f i s h e s  need t o  be e s t ima ted  i n  t h e  
v i c i n i t y  and downstream of t h e  OTEC s i t e  ([Hawaii. 1 DPED 1980).  

A s  a f i r s t  s t e p  toward 

I n  wa te r s  6-25 nmi o f f  Kahe P o i n t ,  micronekton organisms i n  a 1,200-m 
water  column showed a mean s t and ing  s tock  of 900 organisms and a w e t  weight 
of 0.5 kg/100 m2 of ocean s u r f a c e  (Maynard e t  a l .  1975).  Over ha l f  of t h e  
number of i n d i v i d u a l s  and t h e i r  biomasses were composed mostly of sma l l  
f i s h e s .  A t  n i g h t ,  t h e r e  were s u b s t a n t i a l  i n c r e a s e s  i n  abundance of nekton 
i n  shallow water as a resul t  of v e r t i c a l  mig ra t ion .  
determined t o  be i n h a b i t a n t s  of water deeper than 400 m d u r i n g  t h e  day, 
Maynard e t  a l .  found t h a t  about 45% migrated upward a t  n i g h t .  During 
d a y l i g h t  hours,  about 90% of t h e  mean t o t a l  micronekton s t and ing  s tock  were 
i n  wa te r s  deeper than  400 m ([Hawaii .]  DPED 1980). 

For micronekton 

A. Spec ies  of Commercial and Rec rea t iona l  Importance 

The commercial f i s h e r i e s  i n  Hawaiian waters have been desc r ibed  by 
Manar (1969) and Uchida (1978). The s h e l f  zone, on which most of t h e  
wor ld ’ s  most p roduc t ive  f i s h e r i e s  are conducted, i s  narrow and poor ly  
developed i n  Hawaii. Furthermore, only about 60 of t h e  more than 682 
s p e c i e s  of f i s h e s ,  mos t ly  found on t h e  r e e f s  and inshore  a r e a ,  a r e  
commercially e x p l o i t e d .  The major Hawaiian commercial f i s h e r i e s  a r e  i n  the  
open ocean beyond 200 m i n  dep th ,  where pole-and-line sampans c a t c h  
s k i p j a c k  tuna ,  Katsuwonus Pelamis, and l o n g l i n e ,  handl ine  ( i k a - s h i b i ) ,  and 
c h a r t e r  boa t s  h a r v e s t  deep- and surface-swimming ye l lowf in  tuna ,  Thunnus 
a l b a c a r e s ,  b igeye  tuna ,  r. obesus,  a l b a c o r e ,  1. a l a l u n g a ,  s t r i p e d  m a r l i n ,  
T e t r a p t u r u s  audax, b lue  mar l in ,  Makaira n i g r i c a n s ,  b lack  m a r l i n ,  M. i n d i c a ,  
swordf i sh ,  Xiphias  p l a d i u a ,  s h o r t b i l l  s p e a r f i s h ,  T e t r a p t u r u s  
a n g u s t i r o s t r i s ,  s a i l f i s h ,  I s t i p h o r u s  o l a t y p t e r u s ,  wahoo, Acanthocybium 
s o l a n d r i ,  and mahimahi, Coryphaena hippurus.  

The nearshore  f i s h e r i e s ,  c o n s i s t i n g  of a v a r i e t y  of commercial 
hand l ine ,  n e t ,  t r a p ,  and r e c r e a t i o n a l  b o a t s ,  are mainly on a wide a r r a y  of 
demersal and benthopelag ic  s p e c i e s  which inc lude  pink snapper ,  
Pr i s t ipomoides  f i l amen tosus ,  and E .  s i e b o l d i i ,  g ray  snapper,  Aprion 
v i r e s c e n s ,  red  snappers ,  E te l i s  carbunculus ,  and E .  coruscans ,  j a c k s ,  
Carangidae,  g o a t f i s h ,  Mul lo id ich thys  spp. and Parupeneus spp.,  and sea  
b a s s ,  Epinephelus quernus. Bigeye scad, Selar crumenophthalmus, and 
mackerel Scad, Decapterus maca re l lu s  a r e  a l s o  major s p e c i e s  i n  t h i s  group 
and t h e i r  combined landings  are second only t o  t o t a l  l andings  of tuna  and 
b i l l f i s h .  

There a r e  a number of commercially v a l u a b l e  f i s h  s p e c i e s  i n  t h e  Kahe 
a rea .  The abundance of l a r v a l  and j u v e n i l e  tunas  were st.udied by Higgins 
(1970) a t  a s i t e  about 7 km seaward of Kahe and very  c l o s e  t o  t h e  proposed 
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o f f s h o r e  OTEC s i te .  
lower i n  t h i s  area than a t  another  s i t e  56 km of f shore .  Also,  almost a l l  
b igeye and ye l lowf in  tunas  were i n  the  upper l a y e r s  and smal l  j u v e n i l e  
s k i p j a c k  tuna were most abundant i n  t h e  shallow water whereas l a r g e  ones 
tended t o  be more abundant i n  deep water .  

Midwater trawl ca t ches  of j u v e n i l e  tunas  were much 

Data from Higgins (1970) and M i l l e r  (1979) suggest  t h a t  an OTEC p l a n t  
3 nmi o f f s h o r e  from Kahe Poin t  may be i d e a l l y  s i t u a t e d  wi th  r e s p e c t  t o  
avoid ing  tuna l a r v a e  in shore  and tuna j u v e n i l e s  o f f s h o r e  ([Hawaii .]  DPED 
1980).  

A l i s t  of f i s h e s  of commercial and recrea t iona l .  va lue  i n h a b i t i n g  t h e  
o f f s h o r e  waters of Keahole Point  has been compiled by Jones and Ryan 
(1981).  Table 19 ,  which has beer, compiled from ca tch  r e p o r t s  of t h e  tlawaii 
Divis ion  of Aqcutic Resources ( H D A R ) ,  I i ~ ~ t s  the  species  caught o f f  Kesl i~ le  
2nd Kahe P o i n t s  i n  1976-80. 

In Hawaii, ca tches  are r epor t ed  sccord ing  t o  numbered f i s h e r y  
s t a t i s t i c a l  a r e a s  (F igu re  15) .  The i n shore  arch exteods  j u s t  beyond t h e  
r e e f s ,  roughly 2 mi from the  c o a s t l i n e .  The o f f shore  plea  extends from 
tke c u t e r  botlndaries of t h e  in shore  area t o  20 rimi from t h e  ccec,tIir.e. 

Jones and Ryan (1981) a l s o  l i s t e d  t h e  fo l lowing  s p e c i e s  of f i s h e s  t h a t  
acre  a t t r a c t e d  t o  t h e  p la t forn .  and p ipe  Curing t h e  operation of Nini-CTEC: 

Spot ted  t r i g g e r f i s h  
Opelu 
Rainbow rtmner 
Ea h imahi 
P i l o t f  ish 
Whi te t ip  shark  
FLfZ4lll 
Bigeye scad 
F i l e f i s h  
Rudderf ish 
Yel lca  tang 
Blenny 
Pur se  1 f i  kt 
Whale shark 
Skip j ac k tuna 
Yellowfin tuna 
Wahoo 

In a r e p o r t  d e s c r i b i n g  t h e  e f f e c t s  of impirigenent of nlnrine organisms 
a t  K,ehe Point  as  a r e s u l t  of t he  ope ra t ion  of t h e  e x i s t i n g  f o s s i l - f u e l e d  
e l e c t r i c  Lenera t ing  p l a n t ,  Coles e t  a ] .  (lst'.?) observed tha t  s e v e r a l  
commercially k p o r t a n t  i n v e r t e b r a t e s  and v e r t e b r a t e s  were a f f e c t e d .  Among 
the  i n v e r t e b r a t e s  were A&-r3jia Itkonura, A n t a r c t i c  s l i p p e r  l o b s t e r ,  
Fariba_c_c_u_s _a_n_t_a_r_C_isg>, shrimp, Penaeu? g~~&i3J~us, octopus,  Octopus 
cyanea, kona c rab ,  &aF-in_a r a n i n a ,  and s c e l )  Gl ipper  l o b s t e r ,  ?SyJj-a-r>Js$ 
_sgu_a_mpl_o_s_u_s. None, however, were caught in s t f f i c i e n t  numbers t o  m e r i t  
concern. The stonlatopod, &u-iJJ> -osator ia ,  su f f e red  t h e  h ighes t  loss, but 
t h i s  EFecies i s  not cons idered  of g rea t  comnercizil value.  
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Among s e v e r a l  commercially important species,  only the  k a l a ,  Naso 
u n i c o r n i s ,  was a f f e c t e d  i n  s u f f i c i e n t  numbers t o  warran t  a t t e n t i o n .  Based 
on e x t r a p o l a t i o n  over 1 year, Coles e t  a l .  e s t ima ted  t h a t  about 1,600 k a l a  
would be a f f e c t e d ,  mostly j u v e n i l e s ,  and the  p ro jec t ed  l o s s  would amount t o  
9.6 kg/yr .  
caught i n  1978 i n  the  S t a t e  of Hawaii. 

The amount, accord ing  t o  them, i s  w e l l  below t h e  7,700 kg 

B. Yie ld  and Value 

The y i e l d  and v a l u e  of commercial f i s h i n g  o f f  Keahole and Kahe P o i n t s  
are summarized i n  Table  19. The d a t a  f o r  Keahole Po in t s  a r e  from 
s t a t i s t i c a l  a r e a s  121 and 122 of t h e  Hawaii F i s h e r i e s  Chart No. 2 (F igu re  
13) .  
Keahole Po in t  f a l l s  near  t he  d i v i s i o n  of a r e a s  121 and 122. Data f o r  Kahe 
Poin t  a r e  from a r e a  422. 

It  was necessary  t o  compile t h e  d a t a  from these  two a r e a s  because 

Catch, by s p e c i e s ,  w a s  summarized f o r  1976-80 and a mean annual c a t c h  
determined. The v a l u e s  g iven  i n  H D A R ' s  c a t c h  r e p o r t s  a r e  only f o r  weight 
s o l d ;  t h e r e f o r e ,  t h e  va lue  may be underestimated i f  t h e  e n t i r e  c a t c h  was 
not s o l d .  To d e r i v e  t h e  e s t ima ted  v a l u e  of t he  e n t i r e  c a t c h ,  t he  average 
p r i c e  per u n i t  weight so ld  was c a l c u l a t e d  from t h e  weight s o l d  and v a l u e  
informat ion  and m u l t i p l i e d  by the  a c t u a l  weight caught.  

The f i s h i n g  grounds o f f  Keahole and Kahe Po in t s  a r e  high-producing 
r eg ions  i n  the  Hawaiian f i s h e r i e s  no t  on ly  f o r  i n shore  r e e f  and bottom 
f i s h e s  but a l s o  f o r  p e l a g i c  s p e c i e s  such as s k i p j a c k ,  ye l lowf in ,  and bigeye 
tunas ,  b lue  mar l in ,  s t r i p e d  mar l in ,  mahimahi, and wahoo (Table  19 ) .  
Kailua-Kona, which i s  l o c a t e d  along t h e  leeward coas t  of t h e  I s l and  of 
Hawaii roughly 7 nmi south  of Keahole P o i n t ,  i s  recognized as one of t h e  
c e n t e r s  f o r  big-game f i s h i n g  i n  t h e  world,  and c o n t e s t s  such as t h e  
I n t e r n a t i o n a l  B i l l f i s h  Tournament are he ld  t h e r e  annual ly .  The waters  o f f  
Kailua-Kona a r e  a l s o  important f o r  t h e  n igh t  handl ine  f i s h e r y  ( i k a - s h i b i )  
f o r  y e l l o w f i n  and bigeye tunas .  Kahe P o i n t ,  which i s  l o c a t e d  along t h e  
Waianae coas t  of t h e  I s l a n d  of Oahu, i s  a high-producing r e g i o n  f o r  
s k i p j a c k  tuna  (Uchida 1970). 

Among bottom, benthopelag ic ,  and reef  f i s h e s ,  important ca t ches  made 
o f f  Keahole Poin t  i nc lude  amberjack, S e r i o l a  d u m e r i l i ;  snappers ,  
Pr i s t ipomoides  f i l amen tosus ,  Aprion v i r e s c e n s ,  E te l i s  carbunculus ,  E .  
coruscans ,  Lut ianus  kasmira,  and Apareus r u t i l a n s ;  j a c k s ,  Carangidae; 
g o a t f i s h ,  Mul lo id ich thys  auriflamma; bigeye scad ,  S e l a r  crumenophthalmus, 
mackerel scad, Decapterus maca re l lu s ;  red b igeye ,  P r i a c a n t h i d a e ;  and 
s q u i r r e l f i s h ,  M y r i p r i s t i s  spp. Off Kahe, t h e  more important s p e c i e s  
inc lude  j a c k s ,  bigeye scad and mackerel scad ,  su rgeonf i shes ,  Naso u n i c o r n i s  
and Acanthurus dussumier i ,  g o a t f i s h ,  Mul lo id ich thys  samoensis and E. 
auriflamma, and bone f i sh ,  Albula vulpes .  (Seaweeds, Rhodophyta and 
Chlorophyta,  a r e  a l s o  ha rves t ed  i n  t h i s  a r e a . )  

C. Food Chain E f f e c t s  and Other Cons idera t ions  

Observa t ions  made o f f  Campbell I n d u s t r i a l  Park nea r  Kahe Poin t  
r evea led  some i n t e r e s t i n g  f a c t s  about the bottom types  and i n h a b i t a n t s .  
Based on d i v e s  from 24 t o  192 m i n  t h e  submers ib le  Asherah, S t r a sburg  e t  
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a l .  (1968)  r epor t ed  t h a t  t h e  in shore  i r c a  between 24 2nd 107 ni was a 
s l o p i n g  sandy p l a i n  i n t e r r u p t e d  by rocky ledges 3 t o  18 m high. The sandy 
s t r e t c h e s  were f e a t u r e l e s s  and devoid of v i s i b l e  fauna ,  hut i x :  those 
i s o l a t e d  s p o t s  where co ra l  growth or  an ac r imula t ion  of rocky rubble  were 
seen,  t h e r e  were i n v a r i a b l y  some aggrega t i cns  of f i s h ,  usue l  l y  
b u t t e r f l y f i s h ,  Chaetodont idae,  damselfiE1, Poaacent r idae ,  t r i g g e r f  i s b ,  
Pz : l i s t i dae ,  2nd su rgeonf i sh ,  kcanthur idae .  O v a -  the  sanc'y bottom, they 
cbserved g o a t f i s h ,  Mull idae,  f l ounde r s ,  Bothidae,  bonef i sh ,  and wrasses, 
Labr idae ,  whereas i n  m i d r a t e r  they saw l a r & e  S C h C J O l f i  of nacke re l  scad ,  
b igeye  scad ,  j acks ,  and u n i c o r n f i s h ,  &o & ~ - a ~ ~ ~ J ~ > ~ .  Usual ly ,  t he  f ishes  
were concent ra ted  above a n t  i n  frc;nt of ledges. 

S t r a s b u r g  e t  a l .  also observed irivertebrzites ifi the nearshc,rc depths .  
ArcGng then! were s t a r f i s h e s ,  _C_usita and L&_n_c&i_a; 5&9F$Tsjx$aris, seil 
u rch ins ,  b.ydrozoans o r  anthozcans resembling F e n n a r i s  bu t  i nc lud ing  larger  
and h e e v i e r  i n d i v i d u a l s ;  and ex t r ene ly  l a r g e  spiny l o b s t e r s ,  _P_a_n_ulirus spp. 
t h a t  were poss ib ly  up t o  60 c~ll Long i n  t o t s 1  l eng th  and estiwnted tc. weigh 
3.2 kg. One unvsual a spec t  of t h e  observatior1 of spiny l o b s t e r  W B S  t h a t  
they were OE t h e  open bottom u n l i k e  reef  i v h s b i t i n g  lobs te rs -  which a r e  
found i n  deep,  d a r k  caves ,  o r  beneatll yrotrudir ig  ledges.  Alsc observed 0x1 

t h e  sandy p l a i n s  were sponges, p ro t rud ing  tubes of a n n e l i c  bcrms, irnd smal l  
b r i t t l e s t a r s .  Retween 60 ar?d 107 IP, a s  nrljch as t a c 8 - t t i r d s  of the  sea f l o o r  
was co\7ered by dense beds of a pen s h e l l ,  P.trin_a. A bed of spa tpngid  h e a r t  
u rch ins  c c n s i s t i n g  of thousands of ind iv ic 'ua ls  sinaced rcu&l:ly 3 C  cn aFurt 
were v i c i t l e  at  107 rn. The s tony  c o r a l ,  Porit-e?, ves observe2 as deep as 
IC7 ui, a l though t h e i r  occur rence  k e r t  rL the1 Ili?coux.or,. 

Between 107 and 116 E, t he  s l o p i n g  p l a i n  gave way t o  n steel, c l i f f ,  
plunginl; r;t an ang le  of 6Co-1O0 from the  h o r i z o n t a l .  The c l i f f  of smooth 
l h e s t o n e ,  devoid of any macroscopic deniersill fauna,  had a t e x t u r e d  q u a l i t y  
a t  v a r i o u s  p l aces  and t h e s e  held s i l t y  deFGSits a s  % e l l  as gob ies ,  longer-  
legged shrimp, and l o b s t e r l i k e  c rus taceans .  Ledges, caverns ,  and o t h e r  
i r r e g u l a r i t i e s  on t t e  c l i f f  f a c e  she1 t e r ed  crc,%ds of E q t ' i r r e l f i s h ,  m.crtiy 
eels, b u t t e r f l y f i s h ,  and o t h e r  f i s h e s .  C o i l s  of an an t ipa tha r i a r .  
c c c l e n t e r a t e ,  p robably  $-irz&athee, were a 1  so  counlon on tkc c l i f f  as well 
as v s r i o u s  s t a r f i s h ,  sponges,  and sea u rch ins  dowr, t o  132 E. Beds of red 
c o r a l ,  >JyJg?!g; and _C_o_r~llium, were s t e v  betacen 137 and 183 n. Ir: 
a d d i t i o v ,  t h e  c l i f f  was "pa t ro l l ed"  by snappers ,  amberjack, wahoo, m d  
wariotis s p e c i e s  of j a c k & ,  e i t h e r  sing11 o r  i n  two's end t h r e e ' s .  

v. JCHTHYGFLANKTGN 

4- r e p o r t  which sumnarizsd ich thyoplankton  p o p ~ l l a t i c n  s t u d i e s  conducted 
i n  the  v i c i n i t y  of Kahe Point  dur ing  t h e  m i d  and l a t e  1970 ' s  i n d i c a t e d  t h a t  
some d a t a  were nea r ly  s i t e  s p e c i f i c  f c r  the  OTEC s i t e  ([Hawaii .]  DPED 
1980).  L e i s  (1978) ,  whc r epor t ed  on 15 s p e c j e s  of l a r v a l  f i s h  c o l l e c t e d  
about 1.9 m i  from the  s h o r e l i n e ,  found media'n concen t r a t ions  of 0-112 

spec ie s .  H e  added t h a t  100 f i s h  larvae/1,000 m3 would be a r e a s o r a b l e  
estimate of t h e  mean f i s h  l a r v a e  popula t ion  a t  t h e  OTEC s i t e .  

lazvae/l,CCG n3 per  s p e c i e s  w i t h  upper ranges  of 7-112 larvae/l,CCO r 3 pe r  

The [ H a w a i i . ]  DPED (1980) r e p o r t  a l s o  provided an  e s t i m a t e  of t h e  
p o t e n t i a l  impact of an CTEC p lan t  on t h e  l a r v a l  f i s h  r,cjpuli,tjGri. Assuming 
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t h a t  an OTEC p l a n t  would e n t r a i n  about 13.8 n! i l l ion m3 of s u r f a c e  water per  
day, DPED es t imated  t h a t  about  1.38 n ~ j l l i o n  f i s h  would be impacted per day, 
based on t h e  popula t ion  estimate provided by L e i s  (1978).  
however, a need t o  expand t h e  d a t a  base on S I J C ~  s t u d i e s  so t h a t  a c r i t i c a l  
e v a l u a t i o n  could be made on p o t e n t i a l  inpac t .  This  i s  p a r t i c u l a r l y  t r u e  of 
the  p o t e n t i a l  inipact on l a r v a l  tuna p p u l a t i o n s  because of tl-r invporthuce 
of a d u l t  t unas  i n  the  Hawaiian f i s h e r y .  The l a m a 1  tuna popula t ion  i n  
waters 0.6 mi seaward of Kahe Point  can be as high as 441/1,0CO n13 o r  
roughly 10-100 times greater than popula t ions  found i n  oceanic  waters of 
t h e  c e n t r a l  Pac i f i c  ( M i l l e r  1979). Miller pos tu l a t ed  t h a t  t h e r e  i s  a 
r e l a t i v e l y  deep source of t hese  larvae,  which may n i g r a t e  in shore  i r l  
respcnse  t o  upwell ing of deep c o l e  water and a shoa l ing  of t h  thcruoc1ir.e 
shoreward. The [ H a w a i i . ]  DPED r e p o r t  concluded t h a t  tuna and o t h e r  l a r v a l  
f i s h  popula t ions ,  t h e r e f o r e ,  may be impacted by OTEC-related a l t e r a t i o n s  of 
t h e  tempera ture  s t r u c t u r e  of r e c e i v i n g  water i n  t h e  area a s  w e l l  as by 
primary entrainment .  

Tbere i s ,  

A. Spawning Seasons and Locat ions  

The de te rmina t ion  of spawning season i n  fisl-.tx; i s  usne1l .y  based on 
obse rva t ions  on the  cond i t ion  of gonads,  p a r t i c u l a r l y  ova r i e s .  Spawning 
l o c a l i t y ,  however, i s  not r e a d i l y  determined un le s s  one obsexves d i r e c t  1-y, 
t h e  emission of ova and m i l t  from mating Fairs  or observes  ova a t t a c h e d  t o  
bottom p l a n t s ,  r e e f ,  o r  o t h e r  s u b s t r a t e .  

Other  methods a r e  a l s o  f r e q u e n t l y  used t o  d e t e i n i r e  spawcing season 
and l o c a l i t y .  The presence of l a r v a e  i s  good evidence tha t  spawning 
Gccurred r e c e n t l y .  Px,d because l a r v a l  s t a g e s  of f i s h e s  a re  usually f e e b l e  
swimners, one can reasonably  assume t h a t  t h e  l a I v a e  have not e t rayed  o r  
been swept by c u r r e n t s  very  f a r  from t h e  a c t u a l  spawning s i t e .  Some 
excep t ions  are ~ h y l l o s o n ~ a  stages of sp iny  l o b s t e r s  o r  lep tocephalus  s t a g e s  
of a n g u i l l i d s  t h a t  have a r e l a t i v e l y  long la rva l  s t a g e  and which are  
c a r r i e d  f o r  g rea t  d i s t a n c e s  by the  octar: c u r r e n t s .  

The nearshore  waters of Kahe  Point  s e rve  a s  spawning grGunds f o r  a 
v a r i e t y  of s p e c i e s  ( M i l l e r  e t  a l .  1979). Analys is  of the s e a s ~ r ~ t i l  larval  
d i s t r i b u t i o n  i n d i c a t e d  t h a t  they were more nunerous du r ing  sumrer t h a r  
w in te r .  

There is a l s o  some i n d i c a t i o n  t h a t  t h e  deep waters off  Kahe Poin t  are  
important  nursery  grounds f o r  some species of f i s h .  J u v e n i l e  s q u i r r e l f i s h ,  
- _ _ - - _ _  €!olocentrus ------ lacteo=tJ*J_u_s, have been s e w  i n  l a r g e  concen t r a t ions  a t  
depths  between 101 2nd 183 rn (S t r a sburg  e t  a l .  1968). 

B.  Egg and Larval  Abundance arid Sur face  C i s t r i b u t i o n  

F i l l e r  e t  a l .  (1979) p re sen t  d a t a  on cou~nion rtearshore marine f i s h  
l a r v a e  found a t  Kahe Poin t .  The i r  d a t a  i n d i c a t e  t h a t  t h e  i n s h o r e  and 
c f f s h o r e  abundance of l a r v a e  i n  w i n t e r  a t  Kahe Point  was be lo\^ the mean 
level (109)  f o r  a11 Cahu sampling s i tes .  I n  st?rr,rrer, t h e  number of l a r v a e  
in shore  exceeded t h e  swmrter mean (135) by 2 ccr b ide rab le  n a r k i n ;  however, 
t h e  of fs l tore  t o t a l  V ~ E  s l i g h t l y  below the  mean. 
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3 An ich thyoplankton  survey of t h e  nearshore  w a t e r s  of Kauai, Oahu, and 
Maui i n  1972-73 d i s c l o s e d  atundances of tkrru l a r v a e  a s  high as 141/1,000 m 
( M i l l e r  19791, an e s t i m a t e  10-100 times higher  thar- those t y p i c a l  of t h e  
c e n t r a l  P a c i f i c .  D e t a i l e d  sampling a t  Kiihe Poin t  showed a mean of  7 . 7  tuna 
l a r v a e  f o r  day samples whereas t h e  n ight  mean was nuch h igher  (23.6). 
H i l l e r  a l s o  f o m d  t h a t  day and n i g h t  subsur face  samples y i e l d e d  h igher  
abundance of tuna l a r v a e  than  s u r f a c e  samples by a f a c t o r  of 4.3 and 9.7 
t imes,  r e s p e c t i v e l y .  The abundance of  l a r v a e  i n c r e a s e d  w i t h  d e c r e a s i n g  
d i s t a n c e s  from shore.  Catches o f f  t h e  leeward coas t  were a l s o  h igher  than 
those  o f f  t h e  windward c o a s t .  

The longshore c u r r e n t  near  Kahe Point  flows a t  a r a t e  of 25-50 cm/sec 
(Laevastu e t  a l .  1964). 
feebly  swimming tuna l a r v a e  of 4 rrm t o  oppot.e, K i l l e r  hypothesized t h a t  t he  
h igh  nearshore  s u r f a c e  o ' e n s i t i e s  of t u r a  l a r v a e  probably o r i g i r a t e d  fron: il 
deep source.  Tk70 o b s e r v a t i o n s  he made support  t h i s  hypothesis .  One i s  
t h a t  l a r g e  c a t c h e s  of tuna l a r v a e  were made a t  h i s  leeward s t a t i o n  utrre 
s t r o n g  t r a d e  winds (4-5 m/sec) tend t o  push s u r f a c e  waters away from shore.  
The r e s u l t  i s  an upset  i n  t h e  h y d r o s t a t i c  e q t i l i b r i u n !  which could be 
r e s t o r e d  by upwelling. The second o b s e r v e t i o n  i s  t h a t  t h e  thermocl ine,  
which u s u a l l y  i s  a t  3CO m off  H m n i i  and whicl-1 serveE as L Llarrier t o  
v e r t i c a l  n i g r a t i o n  of l a r v a e  and v e r t i c a l  t r a n s p o r t  of water, was observed 
t o  ascend t h e  leeward s l o p e  of f  Kahe Point (F igure  1 6 ) .  T h i s ,  i t  appears  
l i k e l y  t h a t  l a r g e  numbers of tuna l a r v a e  w i l l  be upwelled a t  Kahe Point  by 
wind-driven c u r r e n t s  from h o r i z o n t a l  s t r a t s  c f i ~ i t  airl ing even h igher  
d e n s i t i e s  of 1 arv ae  . 

Because t h e  c u r r e n t  appears  t o  be t c o  s t r o n g  f o r  

Miller (1974) r e p o r t e d  0 x 1  t h e  results of s t u d i e s  on s p a t i a l  
d i s t r i b u t i o n  of f i s h  l a r v a e  i n  r e l a t i o n  t o  vasiat i .cn ir: t h e i ,  a b i o t i c  
environment o f f  Kauai, Oahu, and Maui. Chief among t h e  mesopelagic 
f a m i l i e s  found were Myctophidae and Gonostomatidae. Also found were 
o f f s h c r e  p e l a g i c  f a m i l i e s  such as Scombridae, Molidae, and Gempylidae. The 
20 most common f a m i l i e s  encountered i n  order  of t h e i r  p e l c e n t  o v e r a l l  
abundance were Njctophidae (16.3%), Blenni idae (13.9%), Gonostcmatidae 
(11.8%), Gobiidae (11.3%), Pomacentridae (8 .9%) ,  T r i y t e r y g i i d a e  (6.7%) , 
Molidae ( 6 . 4 % ) ,  Mull idae (3.5%), Apogonidae (3.3I)  , Carangidae (3.2%) , 
Sccmhridae (3.0%) , S c h i n d l e r i i d a e  (2.3%) , Exocoet i d a e  ( 2  2%) , 
Tetraodont idae  (l .4X),  Gempylidae ( 0 . 5 X )  , Coryphaenidae ( 0 . 5 X ) ,  
D u s s e n i e r i i d a e  (0.42) , ScorFaenidae (0.3%) , Chlorophthalmidae (0.393) , and 
Sphyraenidae (0.3%). Miller noted t h a t  92% of a l l  l a r v a e  c o l l e c t e d  
belonged t o  t h e s e  20 f a m j l i e s  and 54 o t h e r  f a m i l i e s  were r e p r e s e n t e d  i n  t h e  
samples. 

C. V e r t i c a l  D i s t r i b u t i o n  

I n  a study conducted i n  t h e  DCYES ai-ee, E i r o t a  (1977) found t h a t  i n  
the neuston tows and shal low bcngo n e t  tcws, s p e c i e s  of i n t e r e s t  t o  
ccmrnercinl acd s p o r t  f i s h e r i e s  included l a l v a e  of Scombridee, 
Coryphaenidae, and I s t i o p h o r i d a e .  Among midwater fonns c o l l e c t e d  were 
Myctophidae, Gonostonat idae,  Gempylidae, Hemiramphidae, Exocoet idae,  
hromeidae, Carengidae,  Sconiberosocidae, aod I a b r i d a e .  

http://vasiati.cn
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From deeper  bongo n e t  tows uade below 200 rr, Mirota found very  feu  
species coniyared w i t h  t h e  neuston and shnllow bongo n e t  tow da ta .  T h c c t  
s p e c i e s  present  i n  t h e  below 200-m tows a l t o  occurred i n  low 
concen t r a t ions .  

I i i ro t a  concluded t h a t  (1) t h e  neuston l a y e r  con ta ins  sonw spec ie s  i n  
very  high abundance but which are r a t h e r  mconmon i n  t h e  1-2CO ni l a y e r ,  ( 2 )  
t he  larvae of commercially important tunas  occur  no re  abundantly ir. t h e  
neuston l e p e r  then  i n  t h e  1-200 IE l a y e r ,  ( 3 )  t he  s p e c i e s  i n  the 1 - 2 G O  m 
layer are  pr in ia r i ly  rriidwater f m m s ,  and ( 4 )  very few larval f i s h  occur 
between 200 and 1,000 m. 

D. V e r t i c a l  Migra t ion  

Ichthyoplankton c o n s t i t u t e  a c o r ~ s j d c r a b l e  p ropor t ion  of t h e  midhater  
plankton i n  t r o p i c a l  r eg ions  (Vinogradov 1968).  
they c c n s t i t u t e  a s  much as 20-25% of t h e  t o t a l  nlass of net plenkton.  In 
t h e  p i d d l e  l a t i t u d e s ,  however, t h e  p i c t u r e  changes cons iderebl>  and the 
f i s h  biomass i n  t h e  deep l a y e r s  i s  h igher  than i n  t h e  t r o p i c a l  r eg ions  but 
i t s  prcjportion i n  the  plankton i s  c c n s i d ~ r e t ~ l y  lower. 

In the  5;00-1,@CC n1 l ayer ,  

V I .  OTHER IMPOR’I’ABT BIOLOGICAL RESGDRCES 

A. Endangered Spec ies  

Ct laulat ive E f f e c t s  of commercia1 OTEC developrcent map s i g n i f i c a n t l y  
ilrjpact t h rea t ened  and endangered s p e c i e s .  For exitntple, n i igra tc ry  
th rez t ened  and endangered s p e c i e s  could emigra te  from an a r e a  t h a t  becomes 
impacted from OTEC ctyeration, thus  ~:oss ib ly  d i s r u p t i n g  t h e  an imal ’s  
r ep roduc t ive  cr f eed ing  a c t i v i t i e s .  Hab i t a t s  could a l s o  be a f f e c t e d .  

Payne (1979) r epor t ed  t h a t  22 marine u~rr.n~al s p e c i e s  may Qccur ir. 
Bawaiian waters inc lud ing  2 mys t i ce t e s ,  1 9  odontoce tes ,  and one pinniped 
(Table 2 @ ) .  
abundant ce taceans  i n  H a w a i i ,  is  an endangerec! EFecies which u: igrs tes  i n t o  
Bzwaiian wa te r s  i n  win te r  t o  breed.  11 second endangered s p e c i e s ,  t h e  
Hawaiian mmk s e a l ,  Monachg? _s_c_h_a_u_ig~fi-i, i s  p resen t  i n  hawaii;  however, 
the popula t ion  r e s i d e s  i n  t t e  N o r t h e s t e r n  Hawaiian I s l a n d s  and away from 
p o t e n t i a l  OTEC s i tes .  

The humpback whale,  &&ajJ-e-r-a n~oy-a_e_nPliae, cr.e of tkc a o s t  

Dolphins of StenelJS, t h e  most numerous m a l l  odontocetes  i n  H a w a i i ,  
t a v e  been s i g h t e d  i n  c c a s t a l  E r c L s  throughout t h e  i s l a n d  cha in .  Foync 
noted a 250-nember popula t ion  of spinner  dolphins ,  2. lonni_r_o_s_tz-.i_s, 
o f f  Kcshole P o i n t ,  ii p ~ t e n t i a l  OTEC area .  The ko t t l ecosed  dolphin ,  
-- TursiopJ ~ p p . ,  is a l s o  f a i r l y  ccmmon but t h e  f a l s e  k i l l e r  whale,  Fseud-ojr_c_a 
s-r-ass-idens, and pygu.y k i l l e r  whale,  _Fpr-e-ss_a _a_t_t_e_nuata, a r e  JC.I;S  conmon. 

The OTEC developxrient i n  U z w a i i  i s  not  expected t o  s i g o i f i c a n t l y  j q a c t  
th rea tened  and endangered spec ie s .  
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B. Cora ls  

Es t imates  a r e  a v a i l a b l e  of changes t h a t  b a v ~  occurred i n  co ra l  
coverage nea r  Kahe Poin t  du r ing  the  pxe- and pos t cons t ruc t ion  phases  of t h e  
o f f s h o r e  o u t f a l l  f o r  t he  Hawaiian E l e c t r i c  Fower p l an t .  Beginning i n  1973 
and through 1977, the  s tudy  shored t h a t  prcriounced dec l j r te  i n  c c r a l  
ccverobe cccu r red  as a r e s u l t  of gene ra l  d i s t u r b a n c e s  a s s o c i a t e d  w i t h  
o u t f a l l  conGtzuc t i on  inc lud ing  underwater b l a s t i n g ,  d redging ,  
sed imenta t ion ,  and t u r b i d i t y .  Decrease i n  c o r a l  ccverage from 1 9 7 8  t o  
1979,  which approached t h e  h igh  v a l u e s  of e a z l i e r  y e a r s ,  was h igh ly  
s i g n i f i c a n t  compared wi th  prev ious  yea r s .  The r a t e  of d e c l i n e  from 1980 t o  
1981 was 4.5-5.0 times the r a t e  f o r  t he  o thcr  > c a r s  (Coles e t  S I .  1 9 8 2 ) .  

The d r a s t i c  decrease  i n  cora l  coverage e t  Kabe Point  frow 1 9 7 9  t o  
1980, however, was not a t t r i b u t a b l e  t o  t h e  o p e r a t i o r  of t h e  o u t f a l l  but t o  
e f f e c t s  of a storm i n  January 1980. The storm waves .ger,erated a t  t h a t  t i m e  
r e s u l t e d  i o  breakage of c o r a l s ,  scour ing  of reef  s u r f a c e s  by wavesuspended  
sand, and b u r i a l  of l i v i n g  c o r a l .  Coles e t  a] .  concluded from t h e i r  s tudy 
t h a t  t h e  d e t r i m e n t a l  e f f e c t s  of a s i n g l e  n a t u r a l  evert were f c r  nitre 
d e v a s t a t i n g  than  any s t r e s s f u l  i n f luences  produced be fo re  or  a f t e r  t h e  
storm. 

The r e s u l t s  of t h e  Kahe s tudy a l s o  demonstrated t h a t  t h e r e  has been no 
d e t r i m e c t a l  i n f l u e n c e  by t h e  Kahe o u t f a l l  on the  c o r a l .  Coral  d e c l i n e  has  
been g r e a t e r  wi th  increased  d i s t a n c e  frcm the  o u t f a l l .  This p a t t e r n  
cccur red  r a t h e r  c c c s i s t e n t  ly fox t l l  years eriimiiced except  1979 t o  1980 
when a s i g o i f  i c a r t  c o r r e l a t i c n  e x i s t e d  between changes i n  c o r a l  coverage 
and the  o u t f e l l .  I n  1981, however, changes i r ?  t o t a l  c o r a l  cover,?&t t r c r t  
l e s s  n e g a t i v e  zt s t a t i o n s  c l o s e  t o  t h e  o u t f a l l .  In f a c t ,  Coles e t  a l .  
c o n c l d e d  tha t  t h e r e  was an ind ica t io r l  of D tenigil  or evex) p o s i t i v e  
i n f l u e n c e  of t h e  Kahe o i i t fa l :  OII ccral cover:4ge c r  n o s t  of t h e  K2hc reef  i n  
1981. 

The e f f e c t &  of t h e m a 1  e f f J u e n t  on cora l  were i n v e s t i g a t e d  a t  Guam. 
A t  t h e  Tanguissc,ri F l an t  where the i E t a k t  tcml,craturt  V G I  it6 Iwf-i.eerI 26c and 
2 9 O C  and t h e  d i s c h a r g e  tempera ture  between 30" and 34"C, t h e r e  was 
s i g n i f i c a n t l y  less coverage of t h e  sLLi:;tratunl by he rva typ ic  c o r a l s  a long 
t h e  reef  mnrgin nea r  t h e  thermal  e f f l u e n t  than i n  areas o u t s i d e  i t s  
i n f l u e n c e  (Neudecker 19761, thbs d a s n s t r a t i n g  tha t  the t h e m a 1  e f f l u e n t  
has  a n e g a t i v e  e f f e c t  en  t h e  co ra l  community. F u r t h e m o r e ,  t he  number of 
c o r a l  s p e c i e s ,  c o r a l  r e c r u i t n e n t ,  and bion,aE6 occumculatioi! u e r e  
s i g n i f i c a n t l y  less  near  t h e  area of thermal  e f f l u e n t  t han  i n  a r e a s  away 
f r m  it .  

B I T .  SUMMARY 

This  document p r e s e n t s  a review of p e r t i n e n t  b i o l o g i c a l  if iformation 
c h a r a c t e r i s t i c  of p o t e n t i a l  OTEC s i t e6  i n  t h e  P a c i f i c  Ocean. I d e a l  ocean 
thermal r e source  can be found y e a r  round i n  t h e  t ropics ,  between l a t .  20°N 
and 20@S. 
infornlat ion on hotton? toI;ography and p r o f i l e ,  rragnitude of t m p e r a t u r r  
change between s u r f a c e  and deep water, s u b s t r a t e ,  I.cix?ar.ent troter f low,  

Achjeving maxinun e f f i c i e r c y  fron. an GTEC p i an t  .rvould r e q u i r e  
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t i d a l ,  wind-driven, and i n e r t i a l  c u r r e n t s ,  n a s s  t r a n s p o r t ,  c l j m a t i c  
cond i t ions ,  ben th ic  p r o p e r t i e s ,  and checi ic i l  p r o p e r t i e s  cf t he  sea wzter .  

Some of the  p o t e n t i a l  s i t es  j n  the  F a c i f i c  tkiit nfcet tmp t ra tu re -de I ; th  
requirements  for OTEC ope ra t ion  inc lude  French Polynes ia ,  New Caledonia ,  
Guam, Hawaiian I s l a n d s ,  Japan,  Fhi l ippir ie  J s l  s i l d s ,  west coe6.t of Mexicc, 
and Taiwan. A P a c i f i c  p l an t  s h i p  s i t e  is a l s o  reviewed. 

For open-ocean s i t u a t i c n s ,  d a t a  from OTEC-1 and CCMTS c~re  reviewed. 
C f f  Keahcle where OTEC-1 experiments were conducted, t he  ch lorophyl l  a 
ccncec t r a t ion  was low a t  t h e  s u r f a c e  and ranged from 0.03 t o  0.18 m g / 2 .  
subsur face  Lhlcrophyl l  niaximun~, ranging between 0.17 and 0.62 v,g/ni3 
occurred between 64 and 94 n.. Primary product ion  ranged h t u e e n  8.64 ar-d 
224.40 scgC/rn2/day, 

A 

Compensation depth was es t imated  t o  be 125 E. 

A t  the  GGMES survey s i t e ,  s u r f a c e  c t ~ l o r o p ~ ~ y l l  v a l i t i  weraged  0.1 17 
nig./c3. 
(54  2 30 m) but t h e  d i f f e r e n c e  was Got s i g n i f i c m t .  I'rin.trp pxoduction in 
t h e  euphot ic  zone w a s  120 ngC/m2/day in sumer and 144 mgC/m2/day i n  
w in te r .  

The CML was loca ted  deeper ii: b u r n e r  (63 24 IL) than i n  win te r  

The composition of the  phytoplankton conintunity was s i m i l a r  a t  both 
oceanic  si tes.  By order  of importance i n  numbers, the  groups inc luded  
f l a g e l l a t e s ,  d i n o f l a g e l l a t e s ,  diatoms, and coccol i thophores ;  i n  terms of 
c e l l  volume, the  o rde r  of importance a t  the Reahcle s i t e  was 
d i n o f l a g e l l a t e s ,  f l a g e l l a t e s ,  diatoms, and coccol i thophores .  

Seasonal  v a r i a t i o n  i n  phytoplankton s tanding  c rop  w a s  a l s o  reviewed. 
A t  the  DOMES s i t e ,  win ter  ch lo rophy l l  concen t r a t ions  were much h igher  
than svnmer va lues .  

In reviewing island si tes ,  d a t a  c o l l e c t e d  du r inb  t h e  Kahe survey c f f  
t he  I s l a n d  of Gahu a r e  reviewed. The CML was loca ted  r a t h e r  deep, a t  86 m, 
t y p i c a l  of more oceanic  systems. 
U g l l i t e r .  
t y p i c a l  of s u b t r o p i c a l  gyre  water .  Compensation depth 146 m. 

Chlorophyll  a concen t r a t ion  was 0.27 
The F r h a r y  p r o d u c t i v i t y  va lues  reached 60.4 2 25.6 gC/m2/yr, 

The c o m v n i t y  ccwposi t icn i n  t h e  Kahe ermiimment was dominated by 
organisns  53 urn. Seasonal v a r i a t i o n  was observed i n  pigment l e v e l s ,  ATP 
va lues ,  and pho tosyn the t i c  r a t e s .  The biomass, however, showed no 
s i g n i f i c a n t  seasonal  changes. 

D i f f e rences  between open-ocean and i s l a n d  s i tes  a r e  a l s o  reviewed. 
P i f fe rcr ices  i n  the  na tu re  and nabni tude  of ta !poreI  v a r i a t i o n s  arc r e l a t e d  
t o  the physicti1 environment. V a r i a b i l i t y  in phys ica l  Frccesses a t  Keatole 
produces a complex b io log ica l  sys tem,  whereas a t  Fahe, the  Fhysicol 
processes  a r e  l e s s  i n t ense  thus  c r e a t i n g  a more grsdual  and sys t ema t i c  
temporal cyc le .  

Data from a plume survey conducted o f f  Kedxle Point  were a l s c  
r e v  iewed . 
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Concerning zooplankton,  i n v e s t i g a t o r s  found t h a t  f o r  open-ocean 
s i t u a t i c n s ,  t h e  Keahole a r e a  was dmtinated by ca lano id  copepods, of which 
many s p e c i e s  made e x t e n s i v e  d i e l  migra t ionc .  The biomass a1 EC. showed 
s i g n i f i c a n t  s easona l  changes. Biomass u s u a l l y  decreased  fron t h e  s u r f a c e  
t o  t h e  deep s t r a t a .  

Experiments du r ing  t h e  plume survey o f f  Keahole i n d i c a t e d  t o t a l  
m o r t a l i t y  of e n t r a i n e d  zooplankton. 

Biomass of zcoplankton i n  the  0-200 m s t r a tu r r  a t  Keahclc everaged 3.32 
m g / m 3  on s i x  c r u i s e s  aod 4.90  ng/n3 on t a o  la te r  c r u i s e s ;  however, t h e  
d i f f e r e n c e  i n  means was not s i g n i f  i c a a t .  Zooplankton abundance usual13 
changed w i t h  dep th  a t  t h e  Keahole and UOPFS s i t e s ,  and ccncer l t ra t ions  were 
h ighes t  i n  t h e  upFer 150 m both day and n igh t .  Seasonal ly ,  t h e  zooplankton 
c f f  Keahole e x h i b i t e d  s i g n i f i c a n t  changes.  Many s p e c i e s  of z m p l a n k t o n  a t  
Keahole made e x t e n s i v e  d i e l  migra t ions .  

For t h e  is lar id  s i t e ,  i t  was found t h a t  zooFlankton h ionass  i n  t h e  Kahe 
erlvircnroent v a r i e d  by t en fo ld  between shallow and deep tows; t h e  skallcw 
tcws had t h e  h ighe r  va lues .  The biomass at  r:ight near  t h e  s u r f a c e  wos a l s o  
twice as g r e a t  &S t h a t  du r ing  the  day. Tkere i s  sowe evidence  of 
ZooFlnnkton p a t c h i n e s s  i n  the  p o r t i o n  of t h e  popula t ion  making d i e l  
migra t ions .  O f f  Kahe, copepods made up 73-&5% of tile t o t a l  r~umbers of 
Zooplankton. Among copepods, ca l ano ids  dominated: 38% of t h e  day samples 
and 78% of t h e  n igh t  samples. 

Temporal v a r i a b i l i t y  of zooplankton abundence was nc t  e n t i r e l y  
seasonal  o f f  Kahe. Some animals  i n  t h e  zooplankton ccmmunity (ostracods, 
euphaus i ids ,  and copepods),  made v e r t i c a l  mig ra t ions ;  medusae, gas t ropod 
l a r v a e ,  f i sh  eggh, F c ~ i  an . in j f e ra ,  and Corycaeic'Ee d i d  no t  make v e r t i c a l  
mikra t ions .  

A l i s t  of conm~erc ia l ly  ircportant f i s h e s  caught o f f  Keahcle end Kahe 
P o i n t s  i n  1976-80 i s  p resen ted ,  t o g e t h e r  wi th  t h e  mean annual c a t c h  and 
v s l u t .  By f a r ,  t h e  most irnpcrtant s p e c i e s  a r e  t h e  pe l ag ic  tunas  and 
b i l  l f i s h e s .  The nea r shore  f i s h e r i e s  a r e  d m i n a t e d  by bigeye scads arid 
n a c k e r e l  scads  and members of tt.e snapper-grouper ccmplex inc lud ing  jacks 
or c r e v s l l e s .  Spec ie s  a f f e c t e d  by t he  c\yerc+tjon of an cj i l - f i red e l e c t r i c  
gerieratiris- gli.nt a t  Kahe Point  are a l s o  reviewrd.  

Tke  b e n t h i c  conmunity n e a r  Pahe i s  c:rtren;ely d iver r -e ;  t h e  pen she3 1, 
-- A t r i n a ,  predonrina t ed  i n  6 o ~ e  a r e a s  8r.d spa tangid  h e a r t  t l rchins  were 
numerous i n  o t h e r  are8s. 

It  WGE. es t imated  t h a t  art OTEC p l a n t  would ertrain 13.8 m i l l i o p  m3 of 
su r face  Eater per day and impact 1.38 n ~ j l l i c m  l c rvae .  Pddi t ic rw1 s t u d i e s ,  
bcwever, are r equ i r ed  t o  make a c r i t i c a l  e v a l u s t i o n  of p o t e n t i a l  impact. 

The cea r shore  w a t e r s  o f f  Kahe serve LLE spawning a r e a s  f o r  a wide 
v a r i e t y  cf f i s h e s .  
some spec ie s .  

The o f f s h o r e  weterr; nlsy a l s o  be nursery  grounds f o r  
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A t  t h e  DOHES s i t e ,  t h e  neuston l a y e r  c o n t a i n s  some s p e c i e s  i n  high 
abundance but  are r a t h e r  uncommon i n  t h e  1-2GO n: s t ra tum. Larvae of 
commercially iu'portant tunas  were abundant i n  the neus ton  l a y e r .  Species  
found i n  t h e  1-200 n.. l a y e r  were p r i n ~ i - j l y  t b o s E  z s s o c i a t e d  w i t k  n i c h z t e r  
depths .  Larval  f ish were uncommon betwileerl 200 and 1 ,OOC.  E. 

S t u d i e s  ccnducted on hipact of arc e x i s t i n g  o i l - f  i r e d  power p l a n t ' s  
o u t f a l l  on c o r a l s  i n  t h e  Kahe environment i n d i c a t e s  no de t r in i cn ta l  e f f e c t & .  
Rather ,  d e c r e a s e  i n  c o r a l  coverage was mainly a t t r i b u t a b l e  t o  e f f e c t s  of  
st o m s .  
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Text Foot not e 
I C o  i s  used t c  denote  degree  on a cen t ig rade  s c a l e .  

'Jr! an open-cycle system, t h e  warm weter  i s  t h e  wcrking f l u i d .  
p a r t i a l  vactitim, t h e  f l v i d  i s  f lash-evapcra ted  and the r e s u l t i n g  s t e m  i s  
d r i v e r  a c r o s s  t h e  t u r b i n e  and theiice t c ,  A heat  exchanger where t h e  vaI:or 
is condensed by t h e  cold-water f l c v .  The condensate j, f r e s h  water  and i s  
e i t h e r  d i scharged  w i t h  t h e  co ld  water  or i~sed fo r  o t h e r  purposes .  
c losed-cycle  system, warrr. water drawn f i m  t t t .  s i lxface  provides  F L w t  which 
i s  t r a n s f e r r e d  through a h e a t  exchanger t o  a wcrkinL f l u i d ,  f o r  exam~le ,  
arrn?c\nio, Frecn, propane, or O t I i E i  C c a ~ ~ o t i n d s .  Ertc: lclseC i r l  ti part ie l .  
vacuuxr:, t h e  working f l u i d  i s  waporetcd Ly t he  h e s t  arid t h e  r e s u l t i n g  
high-pressure v a p m  d r i v e s  a t u r t i r e  t o  produce e l e c t r i c i t y .  
i s  then pumped from t h e  deey. l ayers  t o  condense the  Icu-FressLre vapor i r !  
a second h e a t  exchanger.  The working f l t l j c :  i s  the11 ~JULI1pE.d back and 
r ecyc led  (Haven 1981) .  

@C i s  used t o  
denote  an actiii!l reading.  

Tr, a 

In a 

C o 3  6 water 

3M. Takahashi ,  and P. Bienfang. 
FhytoFlankton biomass and p h o t o s y n t h e s i s  ir- s u t t i o p i c z l  t ,n te rs .  

Manuscr. i n  prep.  S i z e  s t r u c t i i r e  of 
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TABLE 4. Ten most abundant groups i n  o rde r  of dec reas ing  abundance 
determined by t o t a l  number of c e l l s  counted i n  d i s c r e t e  
water  samples c o l l e c t e d  dur ing  DOMES c r u i s e s  1975-76 
(from F r y x e l l  e t  a l .  1979) .  

1. 
2 .  
3 .  
4 .  
5.  
6. 
7. 
8. 
9.  
10. 

F l a g e l l a t e s  and monads 
Gephyrocapsa hux lev i  (Loha.) Reinhardt 
Gymnod i n  ia  ceae  
Yellow c e l l s  
Gephyrocapsa oceanica  Kamptner 
N i t z sch ia  b i c a p i t a t a  Cleve 
Oxytoxum v a r i a b l e  S c h i l l e r  
N i t z sch ia  l i n e o l a  Cleve 
Ni t z sch ia  c los t e r ium (Ehrenberg) Wm. Smith 
Gephyrocapsa e r i c s o n i i  McIntyre and Be' 
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Table 5.--Phytoplankton species and abundance at potential OTEC sites. 
(from Johnson and Horne 1979). 

P h y t o p l a n k t o n  H a w a i i  Gulf Fuerto Rlco 

Di a t  oms Rank Rank Rank 

A m p h i p r o r n  s p .  
Aster ionel la  s p .  
B a c t e r  l a s t  rum 

de 11 c a t u l u m  
B .  e l o n q a t u m  
B d c t e r i d s t r u m  sp. 
C h a e t o c e r o s  

c o a r c t a t u s  
C.  c o n v o l u t u m  
C. d i d y m u s  v a r .  

aiiql ica  
C. l o r e n z i a n u s  
C. m e a s a n c a s e  
C h a e t o c e r o s  sp.  
C l i m a c o d i u m  

C o s c i n o d l s c u s  

C. l i n e a t u s  
C. m a r q i n a t u s  
D a c t y l  l o s o l e n  

medl t e r r a n e u s  
Eucarnpia  z o o d i a c u s  
G r a m m a t o p h o r a  sp. 
G u i n a r d i n  f l a c c i d a  
H e m i a l u s  h a u c k i i  
H e m i a u l u s  s p .  
L e p t o c y l i n d r u s  

d a n i  cus 
Li c o m o r  p h a  

abbreviata  
L i c o m o r p h a  s p .  
M a s t o y l o l a  r o s t r a t a  
N a v i c u l a  c a r n i f e r a  
N a v i c u l a  s p .  

f I ail<. n I e I d  i mium 

e x c e n t  r i c u s  

R a r e  
R a r e  
R a r e  

R a r e  
R a r e  

-- 
R a r e  
Common 
Common 

Rare 

Common 
&%re 
rWre 

D o m i n a n t  
R a r e  _ _  
-_ 
Common 
Pare 

R a r e  

N i t z s c h i a  c l o s t P r i u m  D o m i n a n t  
N. d e l  i c , a t i s s i r n a  pare 
N. l o n q i s s i m a  Pare 
N i t z c h i a  sp. -- 
P l e u r o s i q m  s p .  -- P l a n k t o n l e l l a  sol Rare 

P s e u d o e u n a t i a  
d e l i o l u s  R a r e  

R h i z o s o l e n i a  a l a t a  R a r e  

R .  c y l i n d r u s  R a r e  
R. hebetata 

f .  h i e m a l i s  Pare 
f .  s e m i s p i n a  Pare 

var .  s h r u b s o l e i  R a r e  

R.  b e r q o n i i  -- 

R. i m b r i c a t a  

R. s t y l i f o r m i s  -- 
S u r i r e l l a  sp. -- 
Syner l ra  "L,ll~-llet.lrlc Rare 
S .  u n r f u l a t a  R a  I e 
T h a l a s s i o n e m a  

Th ,'\ CLZo t h r i x 
f r . j u e n  fc.1 d i I 

T . I onij i 5.  :, I ma 
T h o l a s s i o t h r i x  sp. -- 
U n i d e n t i f i e d  pi-rinate D o m l n a n t  
U n i d e n t i f i e d  c e n t r i c  Fare 

T o t a l  n u m b e r  

hinl<IP!> -- 
-- 
-- 

D i a t o m  species 34 

-- R a r e  -- R a r e  

-- -- 
-- -- 
-- Pare 
R a r e  -- 

R a r e  
R a r e  

-- 
_-  
Common -- 

R a r e  
-- R a r e  

R a r e  

-- 
-- -- 
-- 
-- Common 
-- D o m i n a n t  

Pare Ra re 
D o m i n a n t  Common 

-- Pare 

-- -- 

-- -- 

R a r e  
-- R a r e  
-- R a r e  

_ _  

_- -- 
-- -- 
Pare Common 

R a r e  Common 
_- Common _ _  Common _ _  Common -- -- 

10 2 5  

H a w a i i  G u l f  Puerto R l c o  P h y t o p l a n k t o n  
D i n o f  l a q c & t e s  Rank Rank Rank 

A m p h i d i n i i u n  ap.  
C e r a t i u m  f u s u s  
C. l n c l s u m  
C. k a r s t r n i  
C. p e n t a q o n u m  
C. s e t a c e t u n  
C e r a t i i u n  sp. 
C o c h l o d i n i u m  a p .  
D i n o l ' h y r  1 r. e x  l q u a  
D i n o p h y s i s  s p .  
~ X I l V l C  11'1 < I I " " l  

E. b a l t i c a  
E. c o m p r e s s a  
E. v a q l n u l n  
F x u v l P l l a  sp. 
G o n i a u l a x  s p .  

G y r o d i n i u m  n p .  
O r n i t h o r e r c u n  

q u a d r a t  I! 9 

Oxyt oxum ~ j l  qas 
0. v a r i a h i l e  
P a r a h i s t j o n e  1s sp. 
P e r i d i n i u m  ? l o b u l u s  
P. h i r o b u n  
P. p e n d u n c u l a t u m  
P. t u b e  
P e r l d i n l w  ~ p .  
P h a l a c r o m a  ovum 
P o d o l a m p a s  h i p s  
P. o l e q a n s  

F u d o l a m p a a  sp. 
P r o n o c t i l  u c a  

p e l a q i c a  
P r o r o c e n t r  um 

1 e hou rac 
P. m i c a n s  
P r o t o c e n t r u m  s p .  
P r o t o e r y t h r o p s i s  

c r a s s i r a u d a t a  
P y r o c y s t i s  

f u s i f o r m i s  
P. h a m u l u s  v a r .  

semi c i r c u l a r  i n  
P. l u n u l a  
P.  psriiilonoct lur 3 
P. r o b u s t a  
U n i d r n t  i f  led 

C l y l " l l d l r , i u m  sp. 

P. p a l m i p e s  

a t h e r a t e  d i n o -  
f l a q e l l a t e s  

T o t a l  n u m b e r  
DI no f l a g e l 1  a t e  
s p e c i e s  

R a r e  
Rare 
P a r e  
mi e 
R a r e  

Common 
R a r e  

R a r e  
Rare 
R a r e  

-- 

-- 

-- 
-- 
R a r e  
P a r e  
P a r e  

-- 
R a r e  
R a r e  

Pare 
R a r e  

R a r e  
R a r e  
Pare 
R a r e  
Pare 
R a r e  
Fare 

_- 

-- 

-- 
Pare -- 
-- 
R a r e  

R a r e  

R a r e  
Rare 
R a r e  
R a r e  

D o m i n a n t  

3 3  

B l u e - y r e e n  A l c p ' o  Flank Rank Rank 
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TABLE 6.  The n a t u r a l  range of phytoplankton d e n s i t y  o f f  Kahe P o i n t ,  Oahu, 
based on t he  benchmark survey e f f o r t .  The v a l u e s  r e p r e s e n t  95% 
conf idence  l i m i t s  f o r  t he  dep th - in t eg ra t ed  parameters  over  t h e  
p h o t i c  zone a t  two l o c a t i o n s  and over  the  a r e a  as a whole (f rom 
Noda e t  a l .  1981b).  

Natura l  range a t  P = 0.05 

Parameter  S t a t i o n  1 S t a t i o n  2 Kahe Poin t  

Chlorophyl l -a  17.60-25.02 15.38-21.58 17.59-22.21 
(mg Om-2) 

Phaeopigments 
(mg*m-2) 

11.09-23.92 10.50-29.38 13.35-24.03 

4.25-4.91 3.81-4.56 4.13-4.37 

Pho tosyn thes i s  6.53-15.54 10.73-22.35 10.23-17.35 
(mg C 

. . __ 
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TABLE 7 .  C r i t e r i a  f o r  d e t e c t  ion of s i g n i f  i cant  environmental  chti&ge, 
based on a s i n g l e  benchmark d a t a  se t .  Detec t ic r l  l i m i t s  (EL)  

square  va lues  f o r  each source  of v a r i a t i o n  a t  S t a t i o n s  1 and 2 ,  
r e s p e c t i v e l y  ( f rom Noda e t  a l .  1981b). 

g iven  by DL = to.o5[S: + S ~ ) / 2 ] 1 ' 2 y  where Si 2 and S2 2 are t h e  mean 

Level under Source l e v e l  Detec t ion  limit a t  
Parameter ex  amina t ion f o r  c r i t e r i a  P = 0.05 

C h l  orophy 1 1-g Sub samples 
Hyd roc a s t s 
S t a t  i ons  
Time 

Phaeopigment s Sub samples 
Hydrocasts 
S t a t  i ons  
Time 

ATP Sub s amp 1 e s 
Hydrocasts  
S t a t  i ons  
T ime  

Photosynthes is  Hydrocast s 
St a t  ions  
Time 

Ana l y t  i.ca 1 
Sub s amp 1 e s 
Hydrocast s 
Hydrocasts 

Ana l y  t i.ca 1 
Subs amp1 e s 
Hydrocasts 
Hydroc as  t s 

Ana l y  t i c a l  
Subsamples 
Hydrocast s 
Hyd roc as t s 

Sub s amp 1 e s 
Hydrocast s 
Hydrocasts 
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TABLE 9 .  Summary of conclus ion  drawn wi th  r e spec t  t o  cowparison of 
phytoplankton parameters  of t he  Keahole and Kahe environments.  

Coaparison Conclusions 

Chlorophyl l  2 biomass S imi l a r  a t  both s i t e s ;  less  o v e r a l l  

- 
temporal v a r i a t i o n  a t  Rahe. 

PhaeopigEent concen t r a t ions  A t  Kahe, h igher  i n  uFFer mixed l a y e r  and a t  
subsur face  maxima than a t  Keahole; dep th  of 
p h a e o p i gme n t ma x imun! c 0 r r e E po nd e d w i t h 
depth  of chloropt iyl l  maximun; p a t t e r n  of 
temporal v a r i a b i l i t y  uniform wi th  
noteworthy inc rease  only i n  August; deg ree  
of temporal v a r i a b i l i t y  2.4X ( exc lud ing  
August 1; no s i g n i f i c a n t  r e l a t i o n s h i p  wi th  
primary product ion.  

Phaeopigwent : 
Chlorophyl l  2 r a t i o  

A t  Keahole, deFth of phaeoyigment maxinun1 
deeper  than cblorophy 11 maximum; 
phaeopigment s tock showed cons ide rab le  
v a r i a b i l i t y  throughout y e a r ;  temporal 
v a r i a b i l i t y  4.4X; s i g n i f i c a n t  r e l a t i o n s h i p  
found wi th  primary product ion.  

Higher a t  Kahe i n  mixed l aye r  and a t  
maximum. 

To ta l  mic rob ia l  biomass Higher a t  Kahe;  mean ATP c o n c e n t r a t i o n s  
h igher  a t  Kahe i n  upper 100 m and i n  pho t i c  
zone; t o t a l  nt icrobial  biomass v a r i e d  by a 
f a c t o r  of 1 . 7  throughcwt yea r  a t  Kahe but  
cons ide rab le  v a r i a t i o n  experienced a t  
Keahole; ATF concent ra t  i c m s  Iiigltest from 
August t o  January  at  Kahe, e r r a t i c  temporal 
v a r i a t i o n  over  14 months a t  Keahole w i t h  
occas iona l  extreme low va lues .  

Photosynthe t ic  ra tes  Grea te r  a t  Kahe; p a t t e r n  of v a r i a b i l i t y  
showed less  v a r i a b i l i t y  a t  Kahe. At 
Keaholc,, rates  showed 26-fold v a r i a t i o n ;  
e r r a t i c  changes throughout year ,  and 
extreme l y  1 ow product- ion  on occasions. 

-.---___ _ _ _ _ _ . ~  -----I-- I - _I __ - ____ 



. 4 

58 

TABLE 10. H a l f - s a t u r a t i o n  c o n s t a n t s  (KL) i n  terms of t o t a l  i r r a d i a n c e  
dur ing  t h e  incubat ion  per iod ,  f o r  t h e  r e f e r e n c e  (non-enriched) 
carbon f i x a t i o n  p r o f i l e s .  
t r i a l s  was 3.86 2 1.19 x 1020 quanta*m’2; t h e  mean (2s .d . )  depth 
a t  which these  v a l u e s  occurred was 40 _t 13  m (from Bienfang 
and Szyper 1982). 

The mean (2s .d . )  KL v a l u e  f r o m  t h e s e  

T o t a l  i r r a d i a n c e  a t  1-2 m 
Experiment depth dur ing  incubat ion  KL Depth of KL 

No. (1020 quanta-cm-2) ____ (1020 quantaecm-2) - . (m) - 

26.2 
11.4 
11.4 

9.4 
10.0 

3.78 
3.56 
3.56 
2.62 
5.47 

61 
37 
37 
40 
24 
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TABLE 11. Biomass measures of zooplankton samples obta ined  Curing t h e  
HOTEC-12 plume survey inc lud ing  s t a t i s t i c a l  t es t s  of 
d i f f e r e n c e  between means (from Noda e t  al. 1981~). 

Percent  ash 
3 ( 2 )  

Sample Dry weight Ash-free d r  
No. (mg/m3 I weight  (mg/m ) 

I n  plume PSBl 3.30 
PSB2 3.65 
PSB3 2.94 
PSR4 3.71 

2.23 
2.21 
2.01 
2.31 

3.40 2.19 
0.36 0.12 

Out of plume OPB 1 4.86 3.69 
OPR2 5.27 3.91 
OPB3 5.37 4.20 
OPB4 5.99 4.72 

P 
Mean 2 
s . d .  S, 

- 
Mean Xo 5.37 4.1 2 
s.d. S, 0.47 0.47 

33 
39 
32  
38 

35.5 
7.5 

25 
26 
22 
2 1  

23.5 
2.4 

S t a t i s t i c a l  t e s t s  
c - 

1.97 1.93 -1 2 
t b  f 6.71 * -5.66 
xo - xp 

P (f2 t a i l e d )  <o .001 0.014 (0.01 

"Variances were heterogeneous,  P c a l c u l a t e d  by F i s h e r ' s  exac t  
p r o b a b i l i t y  t es t .  
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TABLE 13. Zooplankton biomass in O'OTEC samples. All biomass values in 
mg/m3 (from Noda et al. 1981b). 

CRUISE 1 
25-27 May 1980 

Sample Dry Ash-f ree x 
ID weight dry weight ash 

1D25 A 4.67 
1D25 B 3.31 
1D200 A 3.88 
1D200 B 2.70 
1D600 A 1.35 
ID1000 A 0.39 

1N25 A 5.29 

3.05 
1.80 
2.58 
1.63 
1 .oo 
0.21 

2.93 

35 
46 
34 
40 
26 
46 

45 
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TABLE 14. Zooplankton biomass in O’OTFC sarriples. A 1 1  b iomass  
values in mg/m3 (from Noda et al. 1981b).  

Ash - f  ree Carbon:  
S a r a p l e  D r y  Dr Y x C: 11 h s h - f r e e  

I D  Weiqht ‘ r l t ? i q h t  Ash C a r h o p  N i t r o q e n  Ratio P a t i o  

1D25 A 1 0 - 6  5-34 5 0  
ID25 D 9 , O l  5.50 39 2.55 0.600 4 - 2  0.46 
ID200 n 3-27 1.99 39 
1D600 A 2.03 1 .99  27 0 - 7 1  0.  163 -4.4 3.40 
lD1000 A 1-05 0 - 5 1  5 1  

11125 A 5.24 3 . 1 1  4 1  
1N25 B 3 - 4 8  2 - 2 5  3 5  
1Y200 A Y.69 3.1u 3 3  
1N200 8 3 - 7 2  2 - 7 3  2 7  1,314 0,240 4 - 3  0 - 3 9  
l ’ ibO3 A 0.54 U,36 3 3  0. 17 0 . 3 3 8  4.5 0.47 

2 D N c u  A 9-92 3-79 6 1  1,511 0 .320  4.9 0.u2 
2 D 2 5  A 5 . 3 5  3 - 0 6  4 3  
2D25 B G-09 3-07 50  
2 D 2 0 0  ’7 3 . b O  2.25 39 1. li) 0,270 4 . 1  0. u 7  
2D200 B 3.10 1.nt3 30 
2 D 6 9 0  A 0 - 8 1  0.58 2 0  
2111000 A O A I  0 - 2 1  49 0 - 1 0  0 - 3 1 9  5 . 3  0 - 4 0  

2 N 2 S  A 16.7 9.UY 41 4.51 0. 990  Y . 6  0 . 4 6  
2N25 B 1 5 - 8  9 - 1 7  fi% 
2 9 2 0 0  A 4 . 7 1  2.9u 3\1 
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TABLE 15. Zooplankton biomass in O'TEC samples .  All biomass 
val l les  in %/m3 (from Noda et a l .  1981b). 

CRUISE 3 
5-6 November 1980 

l D N e u  A 7 . 5 1  
1DNeu B 11.3 
1D25 A 1 6 - 2  
1D25 B 1 3 - 3  
I D 2 0 0  A 1 - 3 8  
ID200 B 2 . 7 2  
1D600 A 1 - 2 1  
1 D l O 0 0  A 0.63 

3-74 5 0  
5 . 4 1  52  2. U0 a - 4 7 0  5.1 0,114 
8-64 47  

10.4 46 
0.96 30 
1 - 5 6  4 3  0.70 0 . 1 6 3  4 - 4  0-45 
0 - 8 1  3 3  
0.42 33 0 . 2 1  0,044 4.9  0 . 5 1  

1HE;eu A 9 - 3 6  5-78 3 8  
1N25 A 1 5 . 6  9 .61  30 
1N25 22.5 13-0 39 6- 0 2  1 . 3 4  4-5 0 - 4 4  
1N200  A 4 . 7 2  3 . 3 7  29 
1 x 2 0 0  B 4 - 1 3  3-02  2 7  

2 9 N s u  A 
2 D V e u  B 
2D25 A 
2D25 B 
2n200 A 
2D230 D 
2D600 A 
2D1300  A 

4.59 
6 .52  
5.69 
4.03 
3 - 0 7  
3.09 
1 - 1 4  
0 - 5 7  

1 - 7 2  6 2  
2-39 6 3  
3 . 3 5  4 1  1 - 5 7  0.3Y3 4.6 0 - 4 7  
2 . 1 0  4 8  
2.78 28 
2 - 5 7  3 4  
0.89 22  
0.40 30 

0-4  2 0,100 4 - 2  0.47 

2h 'Yeu A 3 . 6 3  3-71, 6 1  1 - 6 3  0,350 u . 7  3 - 4 4  
2Y.L;eu 3 3 . 5 5  2.21 38  
2 q 2 5  A 20.0 1 2 . 1  4 0  
2 5 2 5  B 1 4 - 3  9 .96  29 
2N200 A 5 - 5 0  3 - 8 4  3 1  1 . 9 3  0.450 4 - 3  0.50 
2 N 2 0 0  n 5 . 1 3  3.115 25 
211600 A 2.13 1.7'1 1 9 0 - 7 R  0 . 1 9 0  4 - 1  0 - 4 4  



66 

TAELE 16 .  Zooplankton biomass O ’ T E C  samples. A l l  biorr.ass 
v a l ~ e s  i n  d m 3  (from Noda et a l .  1981b).  

C R U I S E  4 
10-11 January  1981 

lC!:e-l A 7 - 3 2  
l > ? ; c u  B 7 - 3 0  
1 3 2 5  A 5 - 6 7  
I D 2 5  B 4 - 2 3  
1 9 2 3 0  A 3 - 0 8  
1 c 2 0 0  B 3 - 3 5  
1 D 6 3 0  A 0,110 
lDG00 B 0 - 8 2  
1 D 1 3 0 . 3  A 9 - 3 5  

5 - 5 9  3 4  
5 - 7 4  2 1  
3 - 7 5  3 4  
3 - 0 2  2 9  1 - 3 9  0 ,330  ‘1.3. 0 - 4 6  
2.80 28 
2 - 2 7  3 2  
0 - 5 6  30 
O , G 5  2 1  0.33 0,068 4.9 0 - 5 1  
0 - 2 5  2 9  0.1% 0.025 4.0 0.48 

1 NN?u X 38-8 25.0 36  
1 \iNeu B 28,  0 2 0 . 2  2 tl 10- 3 2.07 5.0 u - 5 1  
1r :2S A 7 2 . 0  9 - 4 3  2 1  
1 S 2 5  B 1 5 - 0  1 1 - 5  2 4 
1 3 2 0 3  A 2 . 3 3  1,UO 2 3  
1 Y 2 0 0  3 2 - 0 6  2 - 1 4  2 5  1 - 0 2  0.250 4 - 1  0,413 
1.4’63d A 0.76  0.58  2 4  

23Neu A 1 0 - 9  
2 D N e u  B 7 0 - 2  
2 D 2 5  A 3 . 7 0  
? E 2 5  3 4.61 
2 D 2 0 3  h 3.42 
2:);L.g D 3 - 5 3  
2 9 6 0 3  rz 0 - 6 4  
21’1609 3 0.64 
2 c 1 0 0 0  A 0.111 

7 - 4 5  
6.84 
2 - 8 2  
3.32 
2 - 6 6  
2 - 7 4  
0.51 
0.48 
0 - 1 4  

3 2  3-28 0 - 7 3 0  4 - 5  0 - 4 4  
3 3  
?4 
2 6  
2 2  
2 3  
2 0  
2 5  
2 2  

2!4!:P’l A 1 1 - 1  8.18 2G 
2’;:iea 8 1 3 .  7 9 - 1 4  3 3  
2”;5 A 1 5 - 0  1 1 - 0  27 5 - 1 1  1 , l h  ‘4 . 4 O . 1 I G  
2 ~ 2 5  D 1 4 . 3  10.0 3 0  
2”;233 A - 5.31 4 ,  19 2 1  
L ” 2 3 3  3 7 . 9 3  5 - 9 9  26 
2K6130 A 0 . 9 2  0 .  h b  ? u 0. 3:? ‘3.ot,3 4 - 6  * 3 , 4 0  
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TAFLF 17 .  Zooplankton biomass i n  O'TEC s a m p l e s .  A.11 biouhass 
v a l u e s  in m g h 3  (from Noda et al. 1981b). 

C R U I S E  -5 
10-11 March 1981 

1D:ieu A 3 . 2 4  
1 D!Jeu B 2.05 
ID25 A 3- 59 
1D25 3 2 - 4 3  
1D200 A 1, 1 3  
1D200 B 3 . 4 4  
1D69O A 2 - 3 0  
1 9 6 3 0  R 1.84 
1D1000  B 0.43 

2.22 3 1  1-25 0 , 2 3 0  5 - 4  0 , S G  
1.26 3 9  
1 - 6 1  5 5  
1.43 4 1  
0.89 2 1  0- 4 0  0.096 4.2 0 - U G  
2 . 6 4  2 3  
1-73 25 
1 . 4 1  2 3  
0 - 3 4  2 1  0.1u 0 , 0 3 2  t- ~ - 6  0.53 

1YNsu A 12.5 5 - 9 2  53 
1NNeu B 1 4 . 3  8 - 4 6  4 1  
1 2 2 5  A 8 .32  4.65 4 4  2-02 9 . ' I  tl i) 4.2 0.43 
lK25 B 7.72 4 * 4 7  4 2  
1::230 A 6 - 6 6  5 - 1 9  22 
152013 R 5.13 3 . 0 2  2 5  
IYF.09 A O.G9 0 - 5 2  25 0 * 2 5  '3,055 4-5 0 - 4 0  

0 . 6 3  64 
0.45 6.3 
0.14 3 3  
1 - 1 1  3 9  0. 50  0 - 1  10 11-5 O - l i 5  
3 . 2 1  2 4  
2 - 5 6  2 2  
1 .21  2 3  
1 - 5 0  1 [I 0- 7 11 0 - 1 I1 0 1,*2 0 - 5 0  
a .  57 19 
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TABLE 18. Zooplankton b iomass  i n  O'TEC samples .  A l l  biomass 
v a l u e s  i n  mg/m3 (from Noda et a<.. 1981b). 

C R U I S E  6 
27-28 F a y  1981 

1 3 N e u  A 3 . 3 2  
1CNeu B 4 - 6 5  
1 D 2 5  A 4 - 3 0  
1 D 2 5  9 3 . 1 9  
1 C 2 0 0  A 3.70 
1 D 2 0 0  B 3 . 1 4  
1 9 6 0 9  A 1-03.  
I D 6 0 0  n 1 . 4 8  
1 3 1 0 0 0  A 0 - 7 2  

2 - 6 0  22  
3 - 5 9  2 3  
3 - 2 4  2 3  
2 - 2 3  211 1, I 1  0.250 4.4 o . 4 n  
2 - 9 0  2 2  
2 - 4 6  2 2  
1 - 4 5  20 0 - 7 0  0,160 4-4 0 - 4 0  
1. 16 2 2  
0 - 6 0  17 

? D N C ? U  a 2.1:1 
2DNeu 9 3 - 2 1  
'325 Iz 5 - 0 5  
2 D 2 5  n 7.42 
2D230 3 3 - 9 0  
2 3 6 d 3  A 0 . 6 3  
336C3 E 1 . 1 3  
'91 30 '3  4 3-49 

1 - 2 9  4 1  0 - 6 5  o.ou-/ 7-14 0 - 5 0  
1 - 7 2  4 6  
3 - 4 5  3 %  
5.57 25 
2 - 9 5  2 6  1 - 3 8  0 - 3 4 0  4 - 1  0,147 
0,(15 2 9  
0 - 8 9  2 1  
0 - 4 3  1 l j  0 . 2 3  3. '3 3t3 6 - 3  3 .57  
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TABLE 20. Marine mammals of the Gulf 

I;ulf  o f  Elexico 

conunon inshore 

extinct? 

: a r e ,  l l l t  i-oducc. 

Rare 

r a i r l y  common 

RJ re 

Rare 

llnwai i 

- 

Conlnnn 
.way from 
iTEC $7 i t  c s  

_- 

.- 

__- 

- 

- 

- 

kcasional 

? 

? 

- 

F a i r l y  
comniont 
Fair ly  
common 

Ilaro 

of Mexico and Hawaii (from Payne 1979). 

$:Denotes endangered or threatened species. 
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08 
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Figure 1.--The OTEC thermal resource--AT ("C) between surface and 1 ,000  m depth 
(from Yuen 1981).  

Figure 2.--The OTEC thermal resource--AT ( " C )  between surface and 1 ,000  m depth 
(from Yuen 1981).  
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rooo, 
10 20 2 

Sea water temperature (OC) 

Figure  5.--Maximum (Sept . )  and minimum (Feb.) of monthly average  
of  sea tempera ture  a t  o f f s h o r e  of Osumi I s l a n d  ( P a c i f i c  Ocean) 
Toyama Bay (Japan Sea) (Homma and Kamogawa 1979) .  
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Figure 6.--Geographic setting of study area for potential OTEC 
development on Taiwan (Liang et al. 1981). 
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F i g u r e  7.--The OTEC-1 s i t e  l o c a t i o n  o f f  Keahole P o i n t ,  Hawaii. 
(from Noda e t  a l .  1981b).  
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4- I e. Cruise 5 
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F igure  8. --Vertical p r o f i l e s  of ch lo rophy l l  a concen t r a t ions  ( r n g . t ~ - ~ )  i n  
t h e  water column a t  t h e  HOTEC s i te .  
by t h e  d o t t e d - l i n e  p l o t s ,  and "dusk" hydrocas ts  by t h e  s o l i d - l i n e  p l o t s .  
The h o r i z o n t a l  b a r s  i n d i c a t e  t h e  s t anda rd  d e v i a t i o n s  about  t he  means o f  
t r i p l i c a t e  ana lyses  (Noda e t  a l .  1980).  

The "da&l' hydrocas ts  are r ep resen ted  
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Figure 9.--Stations with discrete water samples analyzed 
quantitatively in this study from collections made in fall 
(1975) and spring (1976) (Fryxell et al. 1979). 
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Slolmn A.3 S t o l o n  A * ?  
24 

03 
. . .L 

-- 

Figure  10 . - -Ver t ica l  d i s t r i b u t i o n  of ch lo rophy l l  a and phaeopigments 
c o n c e n t r a t i o n s  wi th  sigma-t a t  the s t a t i o n s  occupied i n  t h e  t h r e e  
t r a n s e c t s  A ,  B ,  and C i n  t h e  summer of 1975.  Depth (m) of the 
euphot ic  zone i s  shown by arrows (El-Sayed and Taguchi 1 9 7 9 ) .  
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F i g u r e  10.--Continued. 

* 

. 



85 

2 0 0 .  b 

274 mqd-CN Q 

178  . .--. phoeo 

---SlqrO-Y 

Stalmn A-I5 
21 22 23 24 25 26 
0 0 1  0 2  0 3  o;, 63 

-. .. 
\ 

* 
t 
I 

7 

190 mgm'-CN o 
122 " --- PIoeo 

- - slqna-1 
M O L  

Slolm 8.15 
2 2  23 24 25 26 2'/-A.--- 

o at 02 03 04 05 

200, I 200 

! 
t 
! 
b , 
b 

Iy) mgm'-Chl 9 
829 ---- 

- - S l I j w - Y  

I 
L 

200. 

I \ 
\ 

4 

864 mgrn'--CNp 
345 - --.phoeo 

- -  w - T  

S t O l K n  A 
21 22 23 24 25 26 
0 01 0 2  0 3  0 4  0 5  
L - - u -  

2 8 7  mprn'-Chl 0 

---Phaeo 

~ - - Slqna - 1  
m 

Station BA 
?I 22 23 7 4  25 26 
0 01 0 2  03 0 4  0 5  
L . _ _ 1 _ _ 1  

_ _ _ _ - - - -  . 
* 
* 
9 
L 

206  mgrn*-Chl q 
231 ---b 

- spno-Y 
300 

Slation CA 
21 22 23 24 25 26 
0 01 0 2  03 0 4  05 

Or  , "  1 . 

Figure  11. --Vertical d i s t r i b u t i o n  o f  ch lo rophy l l  a and phaeopigments 
c o n c e n t r a t i o n s  wi th  sigma-t a t  t h e  s t a t i o n s  occupied i n  t h e  three 
t r a n s e c t s  A ,  B ,  and C i n  t he  win te r  of  1976 .  D e p t h  (m) of the  
eupho t i c  zone i s  shown by arrows (El-Sayed and Taguclri 1 9 7 9 ) .  
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Figure 11.--Continued. 
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Figure  

b. Cruise 2 

01 0 2  0.3 
L-_- 

_.- . - 1 
c C r u s e  3 c .  C r u i s e  3 

i s e  6 

12.--Vertical p r o f i l e s  of t h e  rates of  pr imary product ion  
(mg C-m-3-11-1) a t  t h e  HOTEC s i te .  
t h e  s t anda rd  d e v i a t i o n s  about  t h e  means of t r i p l i c a t e  a n a l y s e s  
(Noda e t  a l .  1980).  

The h o r i z o n t a l  b a r s  i n d i c a t e  



Figure 13.--Kahe P o i n t ,  Oahu OTEC benchmark and current meter 
mooring si tes ,  designated the O'OTEC sites (Noda et al. 1981b) .  
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Figure 14.--Geometric means of zooplankton dry weight versus depth for 
HOTEC cruises 11 and 12, day and night (Noda et al. 1981a). 



a 

90 

n . 
. 

u 
n 

i 

i 
-- - 
n . " 

. 



91 

18 - -7 

DAYTIME PATTERN 

of FISH L A R V A E  ; UPWELLING 

Figure 16.--Hypothetical daytime patterns of fish larvae off Kahe 
Point, Oahu, during upwelling. Temperature profiles from BT records 
15 March 1974, 1500-1530 h H.S.T. Abcissal numbers are distances 
(m) from shoreline (Miller 1979). 




